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PREFACE TO THE SECOND EDITION 


Itt the second edition the opening chapters have been sim¬ 
plified and improvements have been made in the order of presenta¬ 
tion. To accomplish this, Part I has been rewritten, having in 
mind the needs of those who have not had a preliminary course 
in chemistry. Many additional exercises have been added, to 
afford more freedom in the selection of problems suited to par¬ 
ticular classes of students. \ 

Brief mention has been added of some of the striking recent 
developments in industrial organic chemistry, such as the direct 
synthesis of methanoUand acetic acid, fermentation methods for 
the manufacture of glycerol and normal butyl alcohol, and the 
production of isopropyl alcohol and other non-hydrocarbons from 
petroleum. On the whole, however, the part devoted to organic 
chemistry has been somewhat curtailed, in order to gain space 
for a fuller discussion of the elementary principles of electro¬ 
chemistry and a better exposition of the subject of precipitation. 
In this latter connection the researches of Brbnsled and others 
have recently shown how futile are numerical calculations based 
on the supposed constancy of the solubility-product, in the ease 
of most types of salts. Nevertheless, in a qualitative way, there 
are still some useful applications that may be made of it. 

If the fundamental topics of the first twelve chapters are 
thoroughly taught, there is a wide range of choice in what may 
thereafter be presented. The instructor should select such topics 
as he can make interesting, vivid, and of service in teaching the 
student to reason chemically, and should be content to omit the 
rest. Too many try to excavate the entire contents of a text-book 
by the* steam-shovel method. 

In preparing the present edition, industrial chemists and 
teachers of chemistry in many different institutions have fur- 
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nished useful information, criticism, or general suggestions. The 
author's thanks are especially due to the following: R. C. Abbott; 
S. B. Arenson; Harry L. ('ole; E. C. Crocker; Norris F. Hall; 
0. S. Hamilton; Seth Hayes; B. C. Hendricks; Martin Kil¬ 
patrick, Jr.; II. H. King; A. H. Low; J. J. Morgan; W. J. Murray; 
Louise Otis; Francis J. Pond; A. C. Rice; Edward H. Risley; 
Charles J. Robinson; W. F. Rudd; Herman Schlundf; Fred W. 
Schwartz; A. M. Schaffer; G. McPhail Smith; H. G. Tanner; 
W. A. Van Winkle; Otto 0. Watts; Harold W. Woodrow. « 


►Syvampscott, Mass., 


H. G. D. 



PREFACE TO THE FIRST EDITION 


College courses in General Chemistry differ widely in their 
content and method of development. Some take up element 
after element and compound after compound, in a purely descrip¬ 
tive way, after the manner of a seed catalogue. Others chiefly 
emphasize applications of chemistry in the industries. Others, 
again, with students of some previous training in chemistry, are 
largely concerned with general principles. 

Even when the common ingredients of a course are present in 
definite proportions, there may be great differences in the manner 
of their intermingling.* In some we have what appears to be a 
true solution of general principles and industrial applications in 
descriptive chemistry as a solvent. In such a course the mention 
of phosphoric acid is seized upon as a pretext for a discussion of 
the ionization of acids in stage's; while copper ferrocyanide occa¬ 
sions a dissertation on osmosis. In other instances the ingredi¬ 
ents have a lower degree of dispersion; while at times they con¬ 
stitute a coarse mixture, readily separable by mechanical means. 

Such extreme differences in the content of introductory 
courses or in' the method of their development are of course to 
be deplored, but to some extent they reflect real differences in 
the needs of the students who pass through them. A special 
effort has therefore been made to give the present textbook 
flexibility. The purpose has been to encourage the instructor 
to teach what he wishes to teach, in the order that seems best 
to suit the pastfcpreparation and future needs of his students. 

It seemed that this result might best be achieved if general 
principles were presented in separate chapters, an^l not too com¬ 
pletely scrambled with descriptions of individual chemical sub¬ 
stances and applications to industry. Numerous cross-references 
link up the more theoretical portions of the text with descriptive 
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material that may furnish illustrations of the general principles. 
The cross-references, furthermore, lessen the danger that whole¬ 
sale omissions or changes in the order of presentation may render 
the text unintelligible. Indeed, whenever previous material is 
very necessary to an understanding of a given topic, the student 
is given definite instructions to turn back and review. 

It is hoped that this book may be appreciated for the things 
it has left unsaid. Most texts contain too much matter that 


properly belongs in a course in descriptive inorganic chemistry 
for students specializing in chemistry. By sacrificing such 
museum material as hypobromous acid, phosphorvl chloride, 
hydrazoic acid, and the usual long catalogue 1 of variously colored 
inorganic salts, space has been gained for the development of 
sue*h te>pies erf lively inte*resf as hyelre>ge*n ie>n e*e>nce'ntrat.ie)n and its 
applications, an introeiuction to the chemistry of nutrition, 
e*lectroe'he*mical principle's, anel the 1 e*e>nstitution of matter. This 
last-named topic, toe) frepuemtly left as a sort of afterthought, to 
be presented in a ce>ne*luding chapter, has Im'cii interwoven with 


the text, in such a wav that the stuelent examines oxidation anel 


miuction, almost from the beginning, from the modern point 


of view. 


It should, neverthele'ss, be* e*mphasize*el that the* wiele* range of 
topics thus intre>elue*eel, while piovieling the* means whereby the 
present text may be* aelapteel to the* noeels erf stuelents erf diverse* 
types, makers it more* than ever necessary that a se*le*clion should 
be rnaele'. The* se*quence erf the descriptive chapters is a common 
one, but may readily be* altered to conform to a laboratory 
schealule*. Material of se*e:e)iielary importance, or of the* nature of 
a digression, has been re*le*gat('el to small type. 

In the exere*ise*s at the* e;le>se erf e*aeh chapter there is especial 
nceel for eliserrimination. Many of these exercises are* too diffi¬ 
cult for the average stuelent, anel were included for the benefit 
of those of more than average preparation or capacity. Stuelents 
receiving a superior grade in the course; may « l >e require*d to 
demonstrate the*ir ability to solve exere;ise;s of this kind. Jn every 
class of be*ginne*rs there are; a fe*w who are; able to do work superior 
in quality to that elone; by othe;rs who have had a full year of 
preliminary preparation. Stuelents of this orde;r of ability are 
entitled to more consideration than they commonly get. It is 
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easier to hold their interest if the text contains some material 
difficult enough to try their mettle; while all the members of the 
class then carry away a better appreciation of what chemistry 
means, and more respect for its position as a science, than would 
be possible if they obtained only the mutilated view of the sub¬ 
ject that too highly simplified texts present. 

For classes without a previous high school course in chemistry, 
it is best not to introduce the more highly generalized or theoretical 
topics^until some familiarity with the ordinary facts of descriptive 
chemistry has been acquired. Such students should proceed 
through Pari, I at a rather leisurely pace, omitting many of the 
more difficult, portions of the text. The final month of the first 
semester may then be devoted to a review of the descriptive 
topics, at which time the theoretical ones, previously omitted, 
may be taken up. 

On the other hand, students with a year of good preliminary 
training may make rather rapid progress through the descriptive 
matter, and specialize on the very topics that, beginners must 
postpone or omit. Tlfose who have not had a course in high 
school chemistry commonly recite more frequently than those 
who have; hence the two classes of students should be about 
equally advanced from about the middle of the second semester. 
The year may then be closed with a review of the important 
general principles (tabulated at the close of the Table of Contents) 
or devoted to a study of the special topics most likely to be useful 
in the students’ future w'ork. Much of the descriptive chemistry 
of the metals may commonly be omitted, except in so far as it 
may be used to enliven discussions of general principles. 

Indeed, though the course* may well begin by being largely 
descriptive, general principles should receive chief emphasis in 
the end. Even with students who are to specialize in chemistry, 
the purpose of a first course is not so much to impart information 
as to disclose a point of view. The facts of chemistry are but 
the raw material*? from which must be synthesized a certain state 
and quality of mind. 

H. G. D. 

■ 

Lincoln, Nebraska, 

May 28, 1923. 
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THE PHYSICAL SCIENCES 


A study of the properties and transformations 
of matter and energy. 

Matter is assumed not to be continuous, bub 
to be composed of individual particles called 
molecules, each containing one or more atoms , 
combined and arranged in a definite way (§ 13). 
Electricity, too, appears to exist in definite unit 
charges, called protons and electrons (§ 000); 
and physicists have recently begun to consider 
the consequences of the assumption that other 
forms of energy, as well, exist in discrete units 
called quanta, 


Physics 

A study of t he propert ies of matter 
in general ; and of transformations of 
matter in which its chemical proper¬ 
ties (§ 4) remain unchanged. In 
terms of the molecular theory, such 
changes leave the molecule essentially 
unaltered. 

Law of Conservation of Energy, § 34 

Law of Conservation of Weight, § 79 
Characteristics of the Three States of 
Matter 

The gaseous state 
Law of Charles, § 20 
Law of Boyle, § 20 
Law of Graham, § 27 
Molecular condition of gases, § 23 
Principle of Avogadro, § 22 
The liquid state 

The moleculaa condition of 
liquids, §§ 28, 29 
The solid state 

The. molecular condition of 
Bolids, § 30 J 

The arrangement of atoms and 
molecules in crystals, § 30 


Chemistry 

A study of the properties of par¬ 
ticular types of matter; and of trans¬ 
formations of matter in which its 
chemical properties are changed. In 
such changes the atoms within a mole¬ 
cule are rearranged or exchanged for 
other atoms, thus creating a new type 
of molecule. 

Distinction between elementary and 
compound substances, § 11 
Classification of elements 
Five types of elements, § 167 
The periodie law, § 173 
Classification of compounds 
Characteristics of acids, bases and 
salts, §§102 — 110 

Eleetrolvtes and non-electrolytes, 
§248 

Polar and non-polar solvents, § 252 
Organic compounds 

Hydrocarbons, § 339 
Alcohols, etc, §§ 355-364 
Carbohydrates, §§ 365-371 
Dyestuffs, etc., §§372-375 


xv 
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THE PHYSICAL SCIENCES 


Solutions 

Defined as molecularly dispersed 
mixtures, § 91 
Properties of solutions 
Freezing point law, § lf>7 
Boiling point law, § 157 
Osmotic pressure law, § 100 
Properties of Colloids, §§ 376-385 


Classification of reactions 
Six types, § 134 

Neutralization and hydrolysis, 

113 

Oxidation and reduction, § 130 
Electronic explanation, § 131 
Displacement, § 71, 72, 112 

(item 3) 


Physical Chemistry 

Chemistry from the most general point of 
view. It seeks to determine the nature of t/u 
products formed when chemical substances are 
brought together, how rapulh/ the transforma¬ 
tion will take place, and how nearltj complete it 
will be. 

The Ionic Theory 

General statement, §§ 101, 250, 262 
Facts supporting, § 262 
Neutralization, § 268 
Precipitation, § 265 
Circumstances determining the veloc¬ 
ity of chemical reactions, §§ 212- 

2 is 

Conditions under which reactions be 
complete, § 136 

Statement in terms of ions, § 270 
Chemical Ecjuilibi mm 
Definitions, § 216 
Effect of temperature,, § 219 
Effect of pressure. § 221 
Principle of Le C'halcher, §§ 221, 

222 

Electrochemical Reactions 

Oxidation at anode and reduction 
at cathode, § 426 
Types of reactions at electrodes 
Electrochemical cells, § 42(5 
Faraday's Law, § 128 
Radioactive change 

Consists in the disintegration of 
atoms, § 586 • 

Law governing, § 601 
Nature of products formed, § (501 
The radioactive elements and the 
periodic table, § (501 
Modern view of the structure of 
atoms, §§ 174 
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Part I 

PRELIMINARY 


CHAPTER I 

INTRODUCTION 

1. What Chemistry is About— The science of chemistry has 
three chief problems: (1) To take note of the qualities by which 
different kinds of matter are distinguished from one another. 

What qualities has iron, that enable it to be recognized as 
iron, whether the actual object concerned is a ten-penny nail, a 
sledge-hammer, or a meteorite? What qualities do a diamond, 
a pencil “ lead,” a lump of coke, and the smoke of a locomotive 
have in common, that permit us to recognize them all as con¬ 
sisting, in the main, of the one kind of matter called carbon? 

(2) To find means for separating different kinds of matter, 
when they are intermingled or combined with one another. 

The chemist is able to separate air into nitrogen and oxygen, 
with smaller amounts of about half a dozen loss common gases; 
or a five-cent piece into copper and nickel, with perhaps traces 
of gold and silw'r; or petroleum into gasoline, lubricating oil 
paraffin, and a number of other things. 

Very often such a separation of one kind of matter into its 
several constituents is merely for the purpose of identifying the 
latter. So well has this part of the problem been solved that you 
may send a properly qualified chemist almost anything, from a 
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patent medicine to a rare mineral, and get from him a pretty good 
idea of what it contains. 

(3) To discover the means and conditions for changing any 
given kind of matter into other kinds. 

The chemist mixes sand, lime, and soda, and converts the 
mixture into glass; or treats cotton with a mixture of acids, to 
convert, it into cinematograph film; or heats coal in an oven, to* 
produce coal-gas, ammonia, tar, and coke. 

The new kinds of matter obtained in such transformations are 
often of a most unex])ected sort,. Who but a chemist would 
ever guess that common salt can be resolved into a greenish 
gas and a silvery white metal? Or that a diamond, if heated, is 
converted into graphite? Or that two odorless gases, nitrogen 
and hydrogen, can be combined to form ammonia? Or that 
ordinary air and water can be made to produce such a corrosive 
liquid as nitric acid? 

So astonishing are these changes, and so readily do the dif¬ 
ferent types of matter appear to assume new qualities, that one 
might be tempted to assume the possibility of transforming any 
kind of matter into any other. Can carbon be transformed 
into copper, or lead into gold? The answer is, not at present; 
perhaps, or probably, never. That question will be discussed 
later (§ 13). But chemistry has not yet solved its three chief 
problems; so, after all, who knows? 

2. The Subdivisions of Chemistry. —Chemistry, then is the 
science concerned with identifying, separating, and transforming 
the different individual types of matter. Its progress, during a 
century and a half of development, has been so very rapid that no 
one person can now hope to master the whole of it,. Instead, 
each chemist specializes in a certain portion of the; field, cooper¬ 
ating with workers in some one of the other sciences that border 
on chemistry and make use of its results. 

The chemical problem of identifying is now so well advanced 
that more than 300,000 different types of matter have been rec¬ 
ognized and listed, with their chief characteristics, in the great 
catalogues of Descriptive Chemistry. The search for means of 
separating has resulted in the numerous procedures of Analytical 
Chemistry, which enable the chemist to proceed systematically in 
finding out what things are made of. Its study of means and con- 
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ditions for transforming one kind of matter into another has 
resulted in the discovery of tens of thousands of new types of 
matter. This is Synthetic Chemistry, classified as Organic, if it 
deals with products containing carbon; and otherwise as Inor- 
ganic. 

Finally, wo, have Theoretical, or Physical Chemistry. This 
takes note* of the general principles or scientific laws determining 
the conditions that must be observed in effecting transformations 
of matter. Since physical chemistry trios to get at the reasons 
why things happen as they do, every discovery in this field, how¬ 
ever far removed from everyday affairs, is apt to have some unex¬ 
pected practical results. 

The course that the student is here beginning can give only a 
hasty glimpse 1 of the broad outlines of the subject— a knowledge of 
chemistry comparable to the knowledge of a university that one 
might acquire from an afternoon’s tour of the campus. This is 
admitted by the very title of the present text-book —General 
Chemistry. Still, a student in such a course 1 ought to catch some¬ 
thing of the spirit, of the science, realize? the important part that it 
has played in molding civilization during its century and a half of 
exist cnee, anel have some vision of the directions in which it is 
likely to develop in the future. 

3. Chemistry as a Part of a General Education. —The applica¬ 
tions of chemistry in agriculture, biology, dentistry, medicine, and 
the various brane:hes of engineering are a sufficient excuse for its 
inclusion in the training of students preparing for careers in these 
special fields, liut its importance as a part of a general education 
has been insufficiently emphasized. 

The so-called cultural studies are those that summarize the 
principal intellect ual achievements of the human race, and permit 
us to review the most, noteworthy things that the mind of man has 
produced in centuries gone by: masterpieces of literature and art, 
systems of law and government, ideas of logic and philosophy, 
triumphs of architecture and engineering, and the great generaliza¬ 
tions of science. Among all these, science holds first place in the 
seeming sureness with which it makes progress, and the promise of 
permanence in its results. Daily, and more and more, it influences 
the lives (and thoughts) of all of us—poets and portrait painters, 
no less than physicians and engineers. 
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Chemistry, in particular, serves as a splendid illustration of 
what science is, and why some knowledge of its methods and results 
must be obtained by everyone who hopes to become well educated. 
Modem chemistry, with its far-reaching generalizations and 
hypotheses, is a fine example of how far the human mind can 
go in exploring the unknown beyond t he limits of human senses. 
Its industrial achievements, though the wonder of the age, are tlie 
least of the reasons whv anvone should studv it; and manv who 
are first attracted by its reputation for practical utility, in tjie end 
have come to prize it most for its intellectual beauty. 

Chemistry has points of contact, too, with subjects at first- 
sight quite unrelated. The pages of biography and history bristle 
with chemical references for those who can read between t lie 
lines; while for one who seeks recreation in travel, a little knowl¬ 
edge of chemistry will do much to beguile the way. Deposits of 
sulfur in the grottoes of Vesuvius, enameled beads in a museum, 
trays of black tea on a hillside in Japan, salt basins along the coast 
of China, betel-nuts in the Philippines—1 hose all speak of chemical 
processes, and have a heightened interest for one who has studied 
chemistry. 

It is no loss true that a little scientific knowledge may influence 
one’s opinions on subjects quite remote from scientific things. 
The student of chemistry comes to know something about the 
geographical distribution of the resources of the globe, and finds 
it easier to understand the economic motive's behind the great, 
wars of history, and to perceive 1 what, influence's have* be>e'ii at 
work in the making of treaties, lie* also Darns that the earth’s 
stores of coal, petroDum, metallic ore's, anel mine'rals we're' femned 
by very deliberate processes, mp firing thousanels e>f ye'ars feu the'ir 
accomplishment. Should these material blessings, proviele*el by 
Nature for all the generatiems of mem, be' dissipated without re'garel 
to the needs of those who are to come after us? Chemistry, he>re, 
can teach a moral lc'sson. 

Thus, for those of us who make only a brie'f stmdy of chemistry, 
the Ixmefits to be expecteel are of an indirect nature*. Increased 
capacity for enjoyment , a livelier interest in the world in which, wc 
live, a more intelligent attitude toward the great questions of the day — 
thesf* are the by-products of a well-balanced education, including 
chemistry m its proper relation to other things. 
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Refer also to Conclusion. 

4. Materials and Their Properties. —The different kinds of 
matter occurring in nature or prepared artificially are called 
materials. Iron is one material, water another, glass—or, more 
properly, each special kind of glass—another. The qualities that 
serve to distinguish a given material from others are called its 
properties. Iron has the property of rusting in moist air; water 
the property of dissolving sugar; sugar the property of being 
dissolved by water; glass, the properties of brittleness and trans¬ 
parency. Rut note that size and shape are not properties of mate*- 
rials, but, rather attributes of particular objects. 

The chemist is interested in the properties of materials, not only 
as a means for distinguishing them from each other, butliecause 
properties determine uses. Rubber might still have its uses, if 
inelastic; or sugar, if tasteless; or coal, if incombustible—but 
they would not be the uses of to-day. The study of chemistry, 
then, is to a very large extent a study of properties. 

Now the different kinds of matter in the world about us are 
quite numberless, anil each of them has its own special set of prop¬ 
erties. Chemistry would thus 1m* bewildering and hopeless were 
we not able to simplify it by selecting for special study a few kinds 
of matter that serve as typos for the rest. Wo shall find that 
potassium, within limits, behaves like* sodium; that all acids have 
certain properties in common: and that when wo have studied 
one alcohol we know what general behavior to expect of all the 
rest. 


Physical properties are those that may be expressed without 
considering the possibility of transforming the given material 
into materials of other kinds. Among these are included familiar 
properties directly perceptible to our senses: color, odor, taste, 
relative heaviness. The capacity of a material for being dis¬ 
solved in water or in some other solvent is also commonly listed 
as a physical property, for most chemists would not consider a 
solution formed 1i)y dissolving sugar in water as being a new mate¬ 
rial, distinct from both sugar and water. 

The chemical properties of a material are those that express 
its capacity for being transformed into other materials. Thus, 
iron has the chemical property of being transformed into iron 
rust, by contact with moist air; the organic matter of a cigar 
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that of being transformed by union with the oxygen of the air 
into invisible gases, smoke, and ashes; the sugar of apple juice 
that of being transformed into alcohol and carbon dioxide gas, 
by fermentation. 

The physical properties of a material are often the most con¬ 
venient means of identifying it; but its chemical properties are 
the most conclusive. Thus, a diamond, a pencil “ lead,” and a 
lump of coke differ much in color, hardness, relative heaviness, 
and other physical properties. But they all agree in the chemical 
property of being able to unite with tin* oxygen of the air to 
form an invisible gas, carbon dioxide; and they an* accordingly 
recognized as different forms of one material, carbon. Sim¬ 
ilarly, ice, water vapor, and liquid water are different forms of 
water. 

5. Physical and Chemical Changes. — Wo have noted that one 
of the three chief problems of chemistry (§ 1) is to discover the means 
and conditions for changing any given kind of matter into matter 
of other kinds—any given material, that is, into now materials. 
But let us note a distinction. If we heat a piece of iron rod hot, is 
it then to be regarded as a new material, distinct from that with 
which we started? Not only its color but several other impor¬ 
tant properties have been altered; for red hot iron is no longer 
attracted by a magnet, and its relative heaviness (specific gravity) 
is distinctly less than that of cold iron. St ill, these an* all physical 
properties. In such chemical properties as express its behavior 
in the presence of other materials, it remains unaltered. It will 
still rust, in contact with moist air, and will still be corroded by 
acid vapors—and more readily, indited, than at lower temperatures. 

Thus iron that has been heated red hot is still iron. If, has 
merely had some of its physical properties altered— has experienced 
a physical change. Other physical changes are those produced 
by melting ice, turning water into steam, magnetizing iron, soften¬ 
ing copper by heating it to redness and plunging it into water. 
Many of the physical properties of the original material are altered 
in each case; but its chemical properties remain unchanged, and 
these permit it to be recognized as the same material that we 
had in the beginning. 

In a chemical change, on the other hand, all the properties 
of i. given material are so completely altered that we give the 
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material a new name. We say that we have chemically trans¬ 
formed it into one or more new materials. Physical change, 
dry some wood. Chemical change, burn it up. Other examples 
of chemical changes are the rusting of iron, the digestion of food, 
the fermentation of apple juice. 

Tin; alteration of physical properties in a physical change is 
often # light, gradual, and temporary. Magnetized iron is not 
appreciably different, apart from its magnetism, from ordinary 
iron. # Red-hot iron acquires its redness gradually, as the tem¬ 
perature is raised, and loses it again when the source of heat is 
withdrawn. Compare this with the profound , sudden, and per¬ 
manent alteration of the properties of a stick of dynamite, when it 
is exploded. Still, physical changes at times do produce a pro¬ 
found and sudden alteration of physical properties, as when ice 
melts; or a change that is permanent, too, as when a diamond, by 
heating, is converted into graphite. The essential difference, 
after all, is that in physical changes only a few properties are altered, 
and only physical properties. In chemical changes, all the old 
properties disappear, and completely new properties appear. 
Did they not, ashes and cinders might be worth as much as coal. 

6. Molecules. -But. why should the alteration of properties 
involved in a chemical change be so amazingly thorough and 
complete? A possible explanation is suggested if we consider 
a carload of wheat. Subdivide this into smaller and smaller lots, 
and each of these will still retain all the properties characteristic 
of the original material. But the ultimate units are the individual 
grains of wheat. t*o subdivide these would be to deprive the 
wheat of its most remarkable property—its capacity for germina¬ 
tion. We should then have something different—bran, mid¬ 
dlings, and white flour. 

So with matter in general. Its properties in bulk are retained 
for a time as the scab' of things is reduced. A single droplet of 
mist is identical with a bucketful of water, in so far as concerns 
the kind of things that it will dissolve. Under the microscope 
we can often observe chemical changes proceeding with the forma¬ 
tion of crystals invisible to the naked eye, yet easily recognizable 
as being of the same kind that we should obtain in dealing with 
visible amounts of material. And the perfume that pervades a 
room from a single tuberose is none the less distinctive, though it 
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represents an invisible and utterly unwcighable amount of 
matter. 

Still, the analogy of the carload of wheat suggests that matter 
in general may not continue to retain iis properties when sub¬ 
divided without limit; that each kind of matter may be composed 
of definite ultimate particles; and that physical changes leave 
these particles intact, while chemical changes decompose them. 
Other facts—indeed, all those embodied in the physics and chem¬ 
istry of to-day—support, the same conclusion. Thus we presume 
that were wo possessed of microscopes vastly more powerful than 
any now made we should perceive all matter, even the densest, 
metal and most solid stone, to be discontinuous; to be made up of 
separate ultimate particles, whose character determines the prop¬ 
erties of the matter as a whole. Wo call these molecules. 


What molecules would look like, wen 1 wo actually ab 1 '* to see 
them, we cannot imagine. They certainly would not “ maintain 
all the properties characteristic of larger sample's of matter of the 
same kind.” For as we divide and subdivide a material until the 


fragments become 1 of microse*opic size 1 , we may piogivssively alte*r 
its color, and some othe*r physical proper!.ie's as we'll. But, at any 
rate, the properties of each kind of matter are determined by the 
character of its molecules; and were' the- nmlecules in any givi'n 
sample of matter to be resolve-d into smaller fragments, the matter 
as a whole would thereby be transformed into matteT of a elifTere*nt 
kind. 


This view of what, wo should find, we*re? we* able* to examine* 


portions of matter indefinitely made smaller and smalle*r, is calleel 
the Molecular Theory. Hazarded at first as a mere guess, many 
centuries age>, it has playe*d so import ant a part in the* ele*ve*le)p- 
ment of moele*rn scie*nce that it woulel be* very eliflicul! — and be*siele*s, 
ve*ry useless—to postpone* applying it in our study e>f e*he*mistry. 
Furthermore, the e*vielence of the past, lew ye*ars has convine*e*el 
the chemist of to-day of the actual physical e*xistence e>f me>le*cule*s. 
To him, the? individual molee?ule*s of the air he breathes are* as re*al 
as the individual books that compete his library. Thus what 
began as a guess became later a we*ll-suppe)rfod the*ory, anel*e*nele*el 
by being regarded as established truth. A e'he*mist, in considering 
a chemical change, generally thinks in te*rms of mole*cule*K, though 
his thinking is guided by the properties of inatte*r in bulk. And 
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since our purpose is to learn to reason about things chemical as a 
trained chemist might do, let us accept his molecules from the 
beginning, though the most impressive reasons for believing in 
their existence will become apparent only at a later stage in our 
progress (§ 32). 

7. Mixing) Dissolving, Reacting and Combining. —To mix 

several materials is to intermingle them. One of three things may 
happen:. 

L. JThe intermingled materials may have practically no effect 
on each other. The resulting mixture will then have properties 
intermediate between those of the materials from which it was 


prepared. We see this happen when an artist blends pigments. 

2. The materials may act. upon each other in such a way as to 
reduce the size of the intermingled particles. Thus, crystals of 
sugar, mixed with water, are reduced in size by the loss of mate¬ 
rial that is stripped away from their surface and dispersed through 
the water. If we have reason to believe that the dispersed mate¬ 
rial has boon reduced to its very molecules, wo say that it is sol¬ 
uble* and that we have dissolved it. The resulting mixture of dif¬ 
ferent kinds of molecules, as distinguished from one of different 
kinds of coarse particles, is called a solution. (Read § 91.) 

3. The materials may act upon each other in such a way as 
to be chcmimlln transformed. We then say that they have reacted, 
or have entered into a chemical reaction. When sugar is mixed 
with water if merely dissolves. But baking powder, in the pres¬ 
ence of water, reacts, liberating bubbles of carbon dioxide gas. 
The water enables the molecules of the two principal ingredients 
of the baking jjowder to n'-t upon each other, to form new kinds of 
molecules. This is a chemical change. 

Again, zinc is sometimes said to dissolve in dilute sulfuric acid; 
but it is bettor to say that it reacts with the acid, since new mate¬ 
rials are produced (§ 71), and it is impossible to recover the zinc 
as zinc, merely by evaporating the solution that is formed. 

When two oi«more materials react in such a way as to produce 
but a single new 7 material, they are said to combine; or to enter 
into a jchemical union with each other. Thus charcoal may com¬ 
bine with the oxygen of the air to form carbon dioxide gas; and 
when plaster of Paris is mixed with water, the chemical union of 
the two results in a hardened mass of a new 7 material, distinct 
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from cither plaster or water. Wo then say that the plaster has 
set. 

8. Ingredients and Constituents. —The different materials that 
arc intermingled in any mixture or solution are called its ingredients 
or components. These may be present in varying proportions, 
with a corresponding variation in the properties of the product. 
The sweetness of confectionery varies with its content of sugar; 
and the hardness of steel with its content of carbon. 

On the contrary, the materials that have chemically confined 
to form any given product are called its constituents. It is pos¬ 
sible to combine them only in constant proportions - a definite 
weight of one constituent for a definite weight of any other (§ do). 
Thus when carbon is burned in a plentiful supply of air, one part 
by weight of carbon always combines with exactly two and two- 
thirds parts by weight of oxygen, to form carbon dioyhle. If 
oxygen is supplied in excess of this amount, the excess is left over, 
uncombined. Since the constituents entering into any given 
chemical union always combine in a constant ratio, the product 
naturally has constant and invariable properties. Pure water, for 
example, at atmospheric pressure, always freezes at a definite 
temperature; and a given quantity of it, at any particular tem¬ 
perature, will always dissolve a definite amount of sugar or common 
salt. Mixtures, on the other hand, have variable properties, 
depending on the proportions in which their components are 
present. 

9. Substances. —Most materials, as we meet them in nature, 
are readily recognized as mixtures or solutions, from their some¬ 
what inconstant properties, and ('specially from their inconstant 
chemical composition. By this we mean that their ingredients 
may vary somewhat in their nature or amount. (Hass, for exam¬ 
ple, contains variable amounts of ils Ihree chief ingredients 
(§411); and certain special glasses, like lhat mod for telescope's, 
contain ingredients quite unknown in ordinary glass (§ 412). All 
the physical properties of glass-its relative heatiness, hardness, 
color, and softening temperature—vary with its varying com¬ 
position. 

Other materials, on the contrary, on being carefully purified, 
come at last to have a constant chemical composition and definite 
properties. Thus pure water is always composed of 1.008 parts 
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of hydrogen in chemical union with 8 parts of oxygen—propor¬ 
tions that never vary in the least. Materials of constant chemical 
composition and definite properties arc; called substances. Other 
examples are sugar, common salt, sulfuric acid, sulfur, and iron. 
Their constant composition and definite properties art? presumed 
to mean that the molecules of any given pure substance are either 
all of the same kind; or at least (if they art? of different kinds) are 
always intermingled in a constant ratio, when examined under 
given ^conditions. Thus water, although a pure substance, is 
believed to consist of several kinds of molecules (§41), whose 
average character determines the properties of water in bulk. 
But these properties are nevertheless quite definite, because the 
di(Ten'llt kinds of molecules, under given conditions, are always 
present in a constant, ratio—a definite number of one kind for a 
definite number of every other. 


10. How Substances are Purified.-- AYe have just emphasized 
that materials commonly need to be purified before they acquire 
the constant chemical composition and definite properties that are 
characteristic of substances. This is because they an* nearly 
always intermingled, as we meet them in nature, with noteworthy 
(plantities of other materials, which we regard as accidental 
impurities. River water contains muddy material as an impurity, 
which may be removed by lilt ('ring; dissolved impurities then 
remain, which may be removed by being left behind when the 
water is distilled; but even distilled water contains noteworthy 
(plantities of dissolved air, and often traces of material acquired 
from the walls of the container. 


The properties of a substance or material are sometimes very 
seriously modified by the presence of impurities. Copper that 
contains a few hundredths of a per cent of arsenic is practically 
valueless as a conductor of electricity. It follows that any mate¬ 
rial whoso properties are to be studied must first be suitably puri¬ 
fied. This often calls for a high degree of skill and patience. 
Chemists frequently spend months or years in painstaking purifi¬ 


cation of mat ('rials to be used in their researches. 


It will be interesting to consider some of the principal methods 
that chemists employ in purifying materials: 

1. Sifting.— If the intermingled substances occur in particles 
of distinct size's, a sieve may be used to separate them. 
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2. Filtration. —If a solid fails to dissolve in a liquid, it may 
nevertheless be so finely divided that it fails to settle out imme¬ 
diately when the two arc shaken together. The mixture of solid 
and liquid is then called a suspension. If a liquid contains sus¬ 
pended impurities, these may often be removed by filtration. 
Read § 81. 

3. Evaporation and Drying.— Read § 80. 

4. Magnetic separation. —Iron and magnetic iron oxide may 
often be separated from other materials by means of a magnet. 

5. Froth flotation. —Read § f>29. 

0. Fractional distillation.— Head §83. 

7. Fractional crystallization. —Read § 97. 

Sometimes a material is more readily purified if one or both of 
its ingredients are first chemically transformed. Gold may often 
be purified by treating it with nitric acid, which reacts with other 
metals that may be present, forming soluble products, and leaving 
the gold unchanged. 

11. Elementary and Compound Substances. —To decompose 

a substance is to produce from it two or more new ones, each 
weighing less than the original substance, and differing from if 
and from each other in chemical properties. Thus when sugar is 
strongly heated, it is decomposed into water vapor, various other 
gases and vapors, and a black residue, which is largely carbon. 

Substances easily decomposed are said to be unstable. A 
sample of nitrogen triiodide (a gray-black powder) is so unstable 
that it will explode violently if touched with a feather. Other sub¬ 
stances, comparatively difficult to decompose 1 , are said to be 
stable. But among the hundreds of thousands of pure sub¬ 
stances known are about ninety that are very much more stable 
than the rest.* We call these simple or elementary substances. 
They are listed on the front cover. 

Since modern chemistry came into existence, about a century 
and a half ago, chemical investigators have mifde repeated and 
desperate attempts to decompose these elementary substances, 
but until recently without success. Concentrated sunlight, the 

* At toward human attempts to decompose them. For a few of 
them do decompose of their '>wn accord, at a steady rate which is quite 
beyond human control ( § GOO). 
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intense heat of an electric arc, long contact with the most active 
chemical reagents, all fail. Most elementary substances have 
never been decomposed at all. Only within the past few years 
(since 1920) have a few of them been decomposed, mere traces in 
any one experiment, by means that are incomparably more violent 
than those needed to decompose non-elementary substances. 

Conversely, no elementary substance has ever been prepared 
by combining others. Substances that may be prepared from, 
or tha* may be resolved into, elementary substances are called 
compound substances, chemical compounds, or simply com¬ 
pounds. Thus limestone is a compound, for it may be decomposed 
into quicklime and carbon dioxide gas; and these in their turn 
into the elementary substances, calcium, oxygen, and carbon. 
We have noted (§8) that substances always combine chemically 
in invariable proportions by weight. It follows that every 
chemical compound contains definite percentages of its constituent 
elementary substances. Water contains 11.19 per cent hydrogen, 
and 88.81 per cent oxygen, no matter how prepared. 


Materials 


Impure Materials 


Of indefinite chemical composition. 
Several kinds of molecules, inter¬ 
mingled in variable proportions. 



Mixtures Solutions 


Intermingled Intermingled 
particles of particles are 
m o r e t h a n the molecules 
molecular size. themselves. 


a 


Pure Materials 
(.Substances) 

Of definite chemical composition. 
Molecules all of the same kind; or 
of different kinds, intermingled in 
fixed proportions. 


Compound Elementary 

Substances Substances 

Decomposable Not docom- 
into element- posable by any 

ary substances of the means 

that are suffi¬ 
cient to de¬ 
compose com¬ 
pounds. 


12. Elements. —An element is an elementary substance, exist¬ 
ing either as such, or in chemical union with others as a constituent 
of a compound. Thus we speak of water as containing the two 
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elements, hydrogen .and oxygen, though these are not present in 
water in the elementary form at all, but in chemical union with 
each other. And when wo speak of copper, we may moan either 
the familiar elementary substance, as we see it in a coil of copper 
wire; or copper after it has had all of its properties altered, 
by being combined with other elements, in a crystal of copper 
sulfate. 
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Fig. 1 . —Composition of the* Earth’s Crust, Including Ocean and Atmosphere. 


The known elements, about ninety in number, vary greatly in 
their relative abundance. Oxygon makes up about half of the 
weight of the solid rocks of the globe, eight -ninths of the ocean, 
and about a fifth of the atmosphere. Silicon comes next, which 
exists in combination \\ith oxygen sis quartz (white sand), and is an 
important, constituent of many other minerals. Altogether it 
appears to be about half as plentiful as oxygen. If to these two 
elements we now add the six most common metals—aluminum, 
iron, calcium, sodium, potassium, and magnesium - we have 97 
per cent of the crust of the earth, including the atmosphere, ocean, 
soil, and the solid rocks that happen to lie at depths not too groat, 
to be investigated. The other elements, about eighty in number, 
make up the remaining 3 per cent. 

13. Atoms.— When we decompose a compound into simpler 
compounds than itself or, eventually, into its cements, we note 
that all its properties are altered. Thus we conclude that in 
decomposing a compound we decompose its very molecules, 
resolving tlies'* into particles of a still smaller size—as grains of 
wheat maj be resolved into bran, middlings, and white flour. 

But by decomposing a compound we finally obtain elements. 
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These withstand further similar attempts to decompose them. 
Thus we conclude that molecules cannot be decomposed without 
limit, but must be compost'd of still smaller particles, which with¬ 
stand all the efforts that art' successful in decomposing molecules. 
We call these atoms. Thus practically all of the numberless 
chemical changes in the world about us are accomplished by 
rearranging atoms within molecules, or by separating them from 
each other and then recombining them into now molecules—as one 
might demolish a building and then bring the individual bricks 
and blocks of stone into new groupings, to construct another. 

For example, when carbon is burned in a plentiful supply of 
air, w r o think of the process as consisting of the union of atoms of 
carbon with atoms or molecules of the oxygon of the air, to form 
molecules of carbon dioxide. When sugar ferments, w r e think of 
the molecules of sugar as being broken up, and their constituent 
atoms (of carbon, hydrogen, and oxygen) as being combined in a 
different way, to form molecules of alcohol and carbon dioxide. 

This puts us in a position to answer the question (§1) whether 
it is possible to transform any given kind of matter into any other. 
At present, no. The first kind of matter must contain all the 
varieties of atoms that go into the making of the second kind. 
That is why we cannot turn lead into gold. But there still remains 
the possibility that wo may one day be able to transform any given 
kind of atom into any other kind. The physicists and chemists of 
to-day are just beginning to consider means for accomplishing that; 
and recent success in decomposing a few elements (that is, atoms ) 
showrs that the feat of transforming one (‘lenient into another, or 
one kind of atom into another, may not remain forever impos¬ 
sible. 

We now know, not only how many atoms of each kind are con¬ 
tained in each given kind of molecule; but also, in part, how the 
atoms are arranged within the molecule with respect to each other. 
Thus we know that a molecule of helium—a rare gas now being 
used for filling baboons—consists of but a single atom. Atom and 
molecule, in this unusual case, are identical. But a molecule of 
oxygen is known to consist of two atoms. Separate these from 
each other and we get something that is no longer oxygen, in the 
ordinary sense. Again, a molecule of water consists of tw r o atoms 
of hydrogen, combined with one atom of oxygen. Finally, a 
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molecule of indigo contains many atoms of carbon, hydrogen, 
nitrogen, and oxygen, arranged in an invariable way with respect 
to each other, according to what we might call a definite “ archi¬ 
tectural plan.” 
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Fid. 2.—Arrangement of Atoms in a Molecule of Indigo, C=carl>on, 
N = nitrogen, 0=0\\gen, 11= hydrogen. 


Some of the most complicated molecules whose structure is 
known to us contain several hundred atoms; and others, on 
incomplete evidence, are believed to contain thousands. Modern 
chemistry is founded on the assumption, not only that atoms and 
molecules exist, but that it is possible for us to learn their actual 
and relative weights and sizes, and the arrangement of atoms 
within molecules of t lie most complex kinds. Hut how we 
discovered all this we must leave for later chapters to disclose. 

14. Some Suggestions on What and How to Study.- Though 
chemistry is a very interesting study, it is not always considered 
easy. Still, the difficulties of those who do have difficulties 
may generally he traced to improper methods of study. They 
may delay getting started until the rest of the class are hope¬ 
lessly in the lead. Or they may imagine that they enter the 
course with sufficient, knowledge to skip such preliminaries as 
are presented in the first few chapters. Hut since these chapters 
are concerned with laying Ihe foundations, and with explaining 
the meaning of some* terms which we must learn to use, it is 
not surprising that those who neglect them may thereafter 
find nothing clear or easy. 

Your purpose in this course may he very simply staled: To 

learn enough about the properties of a few common types of matter, 
and enough about the principles that govern the transformations 
of matter, to enable you to reason correctly about the chemical 
events of your daily life. More particularly, we want, you to 
acquir* what might he called “the gift of chemical prophecy ” — 
the ability to pivdiet in advance, whim familiar materials are to Ikj 
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brought together, what sort of new materials are. likely to be 
produced, how these may be identified, and how separated 
from each other. We aim to cultivate, not memory, but 
reason. 

Unfortunately, one cannot reason chemically, or in any other 
way, without a supply of individual facts on which to base his 
reasoning. The facts on which chemical reasoning is based are 
mostly facts concerning properties. In learning these, avoid 
the bookish point of view that you might employ in a course in 
history, in learning a list of battles or kings. Try to think what 
each actual substance looked like when you saw it in the labora¬ 
tory, and what happened—what you saw, smelt, or heard—when 
you mixed if. with something else. Especially fry to remember 
what properties are possessed by whole groups of substances. 
When you get to Chapter X, try to catch its spirit, and the rest 
will be easy. 

In studying the text,, pause at the end of each of the numbered 
sections and fry to recall what you have read. Better yet, draw 
up several questions, which you may put to some friend (or to 
yourself, the following week) to determine whether he knows the 
substance of that section. Be sure to pause to answer all the 
questions in small type in the body of the text, as you come to 
them (see p. 41). These will serve to show whether you really 
understand what you arc 4 reading. You will find answers at 
the close of the book. 

The instructor will probably assign you a part of the exercises 
at the end of each chapter. But there is no rule to prevent you 
from working more than he assigns. 

Inference: Pamphlet on “ How to Study,” Kornhauser (Uni¬ 
versity of Chicago Press). 


EXERCISES 

1. Underline the particular words that should he used in the following 
sentences, and be prepared to defend your choice: 

a. If a gas-jet. is opened the escaping gas will (mix, combine) with the 
air; on lighting the gas it will (mix with, combine with, dissolve in) the 
oxygen of the air. 

b. Water is freed from (dissolved, suspended) impurities by filtration; 
but (distillation, evaporation, drying) often removes both dissolved and 
suspended impurities. 
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c. Honey is a (mixture, solution, compound) which contains Iho 
following (elements,; compounds, constituents, ingredients) among others: 
water, invert sugar, wax, pollen grains. 

d. Sugar (melts, dissolves, reacts, combines) when placed in water. 

2. By which of the methods of purification listed in § 10 would you 
attempt to purify: 

a. Carbon disulfide (a volatile liquid. § 337) containing dissolved sulfur. 

h. A substance fairly soluble in water, containing an impurity more 
readily soluble still. 

c. A mixture of two solids, insoluble m water, and differing greatly in 

density (§ SO). ^ 

d. A mixture of two solids, one \ery soluble, the other sliglith soluble. 

3. The following are all ment ioned in this chapter? Which are compounds, 
which elements, and which mixtures or solutions? \\ h\ ? 

Water, coal, glass, plaster of Paris, quartz, sulfur, limestone, air 
(§ 2ND), sugar, carbon dioxide, copper sulfate, steel, iron, calcium, quick¬ 
lime. 

4. From current advertisement**, do you eon-ider soap to be a compound 
or a mixt ure, and w h\ '* 

r, (hve several physical changes familiar to \ou, other than those men- 
tioneel in the text. Seveinl <T<*inie*al changes. 


t>. This book gives no formal delinilioiis But everv teehnical* word, 
where it first appears, is given in bold-faced Ivpe, with sufficient explanation 
to make its meaning plain. At the end of each ehaptei ihe student should 
go back to its beginumg, and write out a definition, in his own wolds, o! each 
of the terms thus indicated A recent dietionun, or a releienee text 
(Appendix K i mav give suggestions; but the dictiouarv cannot lie depended 
upon to give the particular sense wanted here. 

7. Write* paragraph-, explaining what difference in meaning exists between 
the following. 

Materia 1 , object 

Descriptive iliennslry. .analytical chemistry. 

Properties of materials, attiilmtes of objects. 

Physical properties, chemical properties. 

Physical change*, chemical change*. 

8. Siinilarb for the following: 

Mixing, ceniibining. 

Dissolving, reacting. 

Mixture, solution. 

Iiigreelwnl, con**! q ue'iit. 

Material, substance. 

9 And for the following: 

Molecule, atom. 

Transfoi a, deeompeise. 

''■I'-’Ci'ion, seehitiem 

Fie nie-1 t rv substane-e*, chemical ceunpound. 

(’ H iiii'trv, phy'ie*s i jt i:») 
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THE THREE STATES OF MATTER 


The of this rhiiptcr rn:iy !><■ introduced at any convenient point, 

previoiih l.o Chapter Xli. 

15. Physics and Chemistry. —Chemistry, in its study of the 
properties of matter, is supplemented by physies. We have 
already noted that physics is concerned with such properties of 
a material as may be studied without causing it to bo transformed 
into materials of other kinds. Chemistry, on the contrary, seeks to 
determine tin 4 comhliims or the possibility of transforming each 
given material into others. Thus when we remark that all gases 
expand when heated, and that all metals conduct electricity, we 
arc stating facts of physics; but when we say that paper will burn, 
while asbestos will not, that is chemistry. 

Now the transformations of matter that are the chief 
concern of chemistry (that is, chemical changes) an* considered as 
being accomplished by rearranging or recombining atoms within 
molecules, to form molecules of other kinds ($ 1M). Accordingly, 
it. is sometimes stated that physics is chiefly concerned with such 
changes of matter as may be accomplished by rearranging mole¬ 
cules, or particles larger than molecules, with respect to each other; 
whereas chemistry is concerned with changes that take place 
within molecules to product* molecules of other kinds. This is 
roughly true. Yet one of the special provinces of physics is the 
study of the inner architecture of atoms; and of the changes that 
occur within atoms, in the few instances in which atoms have lx*en 
decomposed, or lutve been observed to decompose of their own 
accord. 

We should note that all chemical properties are merely inferred 
from physical properties. When we say that carbon burns to 
form carbon dioxide we art* stating an inference. What we really 
observe is that a material having the physical properties of carbon 
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disappears, and that, another having the physical properties of 
carbon dioxide appears. Again, it is only by altering the physical 
surroundings of a given material that we can make it enter into a 
chemical transformation. Coal has to be heated before it will 
yield coal gas; and dynamite has to be subjected to the action of a 
detonating cap before it will explode. 

Thus we see that some knowledge of physics is necessary to 
make 1 even a beginning in chemistry; and a little physics is bound 
to get into every chemical textbook. No one who is preparing 
for a chemical career should fail to pass through several thorough 
courses in physics. The present chapter deals with the charac¬ 
teristics of the three physical states —solid, liquid, and gaseous— 
in which chemical substances may appear; for changes in state 
very often take place in chemical reactions. Thus two gases may 
react to produce a solid (§ 231—item 2); or a liquid may be decom¬ 
posed to produce two gases f§ (io). 

16. Scientific Laws. —All the natural sciences an' alike in 


seeking to arrange and classify observations in such a way as to 
establish general principles or scientific laws. In science, a law is 
a concise general statement of what we believe to be an invariable 
method of behavior. \Ye have already met with an instance. 
For we stated it as a law (§8) that whenever substances react chem¬ 
ically they do so in constant proportions—a definite weight of one 
for a definite weight of any other. 

Sometimes such generalizations are called natural lawn, as if 
they existed ready-formed in Nature, and man had only to find 
them out. On the contrary, Nature merely supplies us with indi¬ 
vidual objects and occurrences to observe. When we have made a 
certain numlx-r of observations, we make hold to draw conclu¬ 
sions concerning what we believe to lx* her invariable mode of 


behavior. But in so far as our observations art; always limited in 
number, and confined to a definite interval of time and space— 
since our judgment, moreover, is subject to error—if. is not sur¬ 
prising that our so-called natural laws must frequently be modi¬ 
fied. 


Nevertheless—and this should lx* emphasized—a generally 
accepted lent) is rarely shown to be completely false. It merely proves 
to be an incomplete or slightly inaccurate expression of what newer 
observations persuade us to regard as true. Thus, ultimate truth, 
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if there is such a thing, is approached by science through a series of 
approximations. 

17. Scientific Explanations. Theories. —But a bald statement 
that things always happen thus and so is sure to raise the query, 
why? Every scientific law calls for an explanation. In searching 
for this we very often discover that the law we are attempting to 
explain is merely a special case of some broader principle. But, 
in the end, a scientific explanation always takes the form of a 
detailed • description of the thing we are attempting to explain. 
We describe a given process as taking place in a number of suc¬ 
cessive steps, leading to an observed invariable result; or we 
describe matter as consisting of small particles calk'd molecules, 
having properties which, so far as we can see, would compel 
matter to behave as it. does. Or we describe heat, as consisting in 
the motion of molecules, and thus find it easier to understand why 
all other forms of energy tend to take the form of heat (& 18), 
or we describe electricity as existing in small individual negative 
charges trailed elect rons, which we conceive of as possessing prop¬ 
erties that account for electrical phenomena in general. 

Whenever such a detailed description of scientific facts has 
Ix'en so well worked out. and so widely applied as to deserve 
sjjeeial consideration, it. is called a scientific theory. Science thus 
makes progress in two directions: first, by the systematic accu¬ 
mulation of facts, which it generalizes as scientific laws; second, 
by the development, of theories that, describe, relate, and thus in a 
sense explain the laws. 

As individual facts are given a generalized expression in law's, 
so individual law's are related to each other, and find common 
explanation in theories. One who has never studied chemistry 
may know hundreds of isolated chemical facts, for most of the 
objects and events of our daily lives are matters of chemistry. 
The professional chemist., however, relies chiefly on a few dozen 
laws, from which he draw's conclusions concerning a multitude of 
facts, individually unknown or unrememlxTod. But only one 
who understands the general outlines and detailed implications of 
some half dozen great theories can be said to have mastered chem¬ 
istry as a science. 

In Greek, thcoria means insight; and thus theoretical view’s 
are those that (‘liable us to look beneath the surface of things to 
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got at, their real inner nature. Theories, when properly under¬ 
stood, are accordingly the most, practically useful information one 
can possess. For (1 ) by connecting each law with a, general point 
of view they help us to remember it; (2) they make plain the rela¬ 
tionship to each other, and thus the deeper meaning, of laws which, 
standing alone, would not bo properly understood; (d) they sug¬ 
gest new directions in which discoveries art' likely to bo made. 
For scientific discoveries are not made by chance, but- are the result 
of systematic search for new facts and laws, guided by the intel¬ 
ligent use of theories. This is scientific research. 

18. Energy. —A body in motion possesses what is calk'd kinetic 
energy, or energy of motion. The amount of 1 his may be measured 
(1) by noting the force that needs to bo applied (as through the 
brakes of an automobile) in order to bring the moving body to 
rest within a giren distance: or (2) by noting the distance that it 
will continue to move after a giren retarding farce has hern ap¬ 
plied. An automobile traveling forty miles an hour will remain 
in motion four times as long as one traveling ten miles an. hour, 
after a given force has been applied through th“ brakes, and dur¬ 
ing this time will be traveling at an average rate four times as fast. 
Altogether then, it will go sixteen times as far, before being 
brought to rest. Thus we see that kinetic energy is proportional 
to the square of the velocity. 

Energy in general is anything that may be made to take the 
form of kinetic energy. Meat is energy, for when released under a, 
locomotive boiler, by burning coal, it may set a train in motion. 
Other forms of energy are light, electricity, the elastic energy of a 
Coik'd watch-spring, the surface-energy of a soap bubble, the 
chemical energy of a stick of dynamite, or the energy of position 
(potential energy) of a boulder on a mountain top. 

In the processes occurring in nature, all tin* other forms of 
energy tend in the end to be dissipated as heat. This is presumed 
to indicate that heat energy (sometimes called thermal energy) 
consists in the energy of motion of molecules. In a hot body these 
are in violent, agitation. In a cold one they an* moving less ener¬ 
getically. But, all other forms of energy, and all other forms of 
motion, lend to be dissipated as heat, because the motion lends to 
be translerred to Hie individual molecules of which all materials are 
composed. 
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19. Temperature Scales.—If 

heat is energy possessed by mov¬ 
ing molecules, it follows that the 
quantity of heat in any body is 
determined both by the nature 
and number of its molecules and 
by their average individual en¬ 
ergy of motion. This average 
individual energy of molecules is 

the measure of temperature, Teimioraturc” 68_ j 
which is the quality that deter¬ 
mines the direction of transfer of 
heat between one body and all¬ 
ot her. 

The temperatures at which 
water freezes and boils, when the 
barometer stands at the standard 
height of 7(i cm.* are taken as 
standard temperatures or fixed 
points on the* principal then no- 
metric scales. 

In the Fahrenheit scab* (° F.) 
the freezing point of water is 
arbitrarily taken as 32", and its 
boiling point as 212°. 

In 1 Ik* Centigrade scale (° ('.) 
the same two points are called 0 ’ 
and 100°. “ Room temoerature ” 

JL 

means about 20" ( \ 

Still another temperature 
scale, calk'd the Absolute scale, is 
in common use in scientific work. 

In this there are 100° between 
the two principal*fixed points, as 
in the Centigrade scale; but the 
freezing* point of wafer is called 
273° anil the boiling point 373°. 
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Fiti. Temperature Seales. 


* Metric units are explained in § 33. 
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To convert centigrade degrees into absolute degrees, add 273. 
Thus -50° C. = 223° A. 

One may occasionally need to convert Fahrenheit degrees into 
centigrade degrees; subtract 32, and multiply by §-. Thus 08° F. 
= 20° C. 

20. Characteristics of the Gaseous State of Matter. —Gases are 
distinguished from liquids and solids by their much lower density * 
and by the fact that they fill completely any vessel in which they 
are placed. A sample of gas thus has no definite volume *and vo 
definite surface, other than those of the containing vessel. Its 
volume depends on the external pressure, by means of which it is 
confined; and on the temperature. 

Since gases are often invisible, and are so light that it is dif¬ 
ficult to weigh them accurately, they are somewhat unpromising 

mat (‘rials as objects of study. Still, they do 
have the advantage that they represent the 
simplest state of matter, and the one therefore 
that reveals the simplest laws. It is doubtful 
whether we would have any science, ot 
chemistry to-day, had not the founders of 
chemistry, a century and more ago, devoted 
much of their attention to the behavior of 
gases. As for the difficulty in weighing gases, 
that need no longer trouble us, for their 
considerable volume enables us to measure 
them accurately, and from their measured 
volume, at a definitely known temperature 
and pressure, it is easy to calculate their 
weight. 

If a quantity of gas is confined within a cylinder fitted with a 
gas-tight, movable piston (Fig. 4), any increase in pressure will 
cause the piston to descend, and confine the gas within a propor¬ 
tionately smaller volume,, lor example, if the pressure is mul¬ 
tiplied by five, the volume of the gas will be reduced to very nearlj 
one-fifth, provided the temperature is kept constant. Thus, at 
constant temperature, the volume of any gas is very nearly in¬ 
versely proportional to the pressure upon it. This is the Law of 
Boyle. 

* Densit y is the weight of unit, volume. 
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If the pressure on the piston remains constant, while the tem¬ 
perature is increased, the gas will expand, and drive the piston 
outward. Raising the temperature from 300° A. to 600° A. will 
almost exactly double the volume. In other words, at constant 
pressure, the volume of any gas is very nearly directly proportional 
to the absolute temperature. This is the Law of Charles. 

It should 1m; noted that the laws of Boyle and Charles express 
only approximately the behavior of gases with changing pressure 
and temperat ure. At ordinary temperatures and under moderate 
or very small pressures, all gases (except hydrogen, helium, and 
argon) are somewhat m,ore compressible than the Law of Boyle 
would indicate. With gases that are hard to liquefy (air, oxygen, 
hydrogen, nitrogen) the changes in volume at ordinary tempera¬ 
tures and pressures exceed those calculated by only a few tenths of 
1 per cent. Wit h the more readily condensible gases (carbon diox¬ 
ide;, sulfur dioxide, ammonia) the discrepancy may amount to 
several per cent. But all highly compressed gases, are much less 
compressible than the law of Boyle' would preelict. 

All gases come more and more' ne'arly into agreement with 
the laws of Charles anel Boyle* as the; temperature is raised or the 
pressure' is lowe'reel. Thus all gases, as they become more and more 
highly rare'fie'el, approach the condition of an ideal or perfect gas 
for which the two laws would bedel exae;t-ly. The laws of Charles 
and Boyle* are; two of a group of ieloal gas laws (others in §§ 22, 74). 

§§ 152, 153 may be introduced here if desired. 

21. The Molecular Theory of Gases. —The molecular theory 
makes four chief assumptions with respect to gases: 

1. The molecules of a gas move rapidly in straight lines, 
throughout all the space that it occupies, in all conceivable direc¬ 
tions, with all conceivable velocities. 

2. Most of this space is presumed to be empty, the diameter 
of a molecule, being but a small fraction of its average distance 
from neighborii% molecules. Accordingly, each molecule can 
travel a considerable distance on the average before it meets with 
another molecule. But whenever two molecules do happen to 
collide they rebound without loss of energy. 

3. The molecules are assumed to be so numerous that their 
bombardment of the walls of the containing vessel sets up what 
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seems to be a continuous pressure —just ns a jot of water, sprayed 
from a garden host' in individual droplets, may press back a mass 
of shrubbery. 

4. A hot gas is assumed to differ from a cold one merely in 
having molecules that move with greater average velocity. (Vr- 
tain facts show that the average kinetic energy of the individual 
molecules of a gas is proportional to the absolute temperature. 

Furthermore, this average kinetic energy of individual molecules, 
at any given temperature, must be the same for one gas* as loi 
another; else a change in the average kinetic energy, and 
accordingly a change' in temperature, would occur on mixing two 
gases. Actually this does not happen. 

But if the average kinetic energy of the molecules, at each tem¬ 
perature, is independent of the nature of the gas, it follows that 
light molecules move faster than heavy ones - so much faster 
that they make up in velocity squared for what they lack in mass. 

22. Avogadro’s Principle. Consider equal volumes of two 
different gases, both at the same temperature, and under the same 

m 

pressure. Since' the temperature is the same*, each individual 
molecule of the one gas must have' the- same- nr< rage kinetic energg 
as an inelividual molecule e>f the 1 e>thor. But sine-e berth gases set 


up the* same pressure by their homhurelmcnf of the containing 
walls, it may be' shown that the 1 total kinetic energu of the- mole'cules 
of the one* must be* equal to the* tertul kinetic energy e»f the* mole'cules 
of the othe*r. 


Now e*qual kine*tic energy for inelixidual me>Ie*eulos and e'qual 
total kinetic energy of course ele*mands ei/ual numhers of molecules. 
Thus equal volumes of all gases, under the same conditions of 
temperature and pressure, contain very nearly the same number 
of molecules. This is Avogadro’s Principle (first recognized in 


1811). 

Accordingly, a cubic centimeter measure will contain very 
nearly the same number of molecules of gas, under given condi¬ 
tions, no matter what gas we put into it. Tlfis may seem as 
strange as though one were to state that a bushel basket neces¬ 
sarily held as many potatoes as peas; for different kinds of mole¬ 
cules differ greatly in size and weight. The explanation is, of 
course, :hat, the molecules fill hut a trifle of the spare occupied 
by the gas, and are in rapid motion. Heavy molecules move 
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relatively slowly. Light molecules move more briskly, make up 
in velocity squared for what they lack in mass, and thus beat back 
their neighbors on all sides to the same average distance as they 
would be able to do if they were heavy. 

Let us now compare, the ircights of equal volumes of two gases. 
We find that oxygen gas is sixteen times as heavy as hydrogen. 
Then, if the equal volumes contain ecpial numbers of molecules, 
each individual molecule of oxygen must be sixteen times as 
heavy «as a molecule of hydrogen. In general, the weights of 
equal volumes of two different gases, under given conditions, are 
in the same ratio as the weights of their individual molecules. 

A certain vessel holds 10 m". of nitrogen; another, five times ns large, 
holds .'!.">() mg. of mercury vapor, under the same conditions. What is the 
ratio ot the, weights of individual molecules of nitrogen and mercury? 


23. How the Molecular Theory Explains the Properties of 
Gases.— 

(Hi'-i rrt il Furls 
Gas pressure. 


Dilluwl>ilil v t§ 2.*»). 

(lomprt ssibilny. 

Liquc'aci ion. Gases condense lo 
foiin liquids, when compressed and 
cooled. 

Increase of pressure or volume with 
increase ol t.emperalurc (Charles' 
Law ). 

Decrease of volume' with increasing 
pressure (Rovle's Law). 

Gases are cooled hut slightly In ex¬ 
panding into a vacuum {Jonh's 
Loir). 

Deviations from laws of Charles and 
Hoyle (§20). 

Each gas, in a m’rxl lire of gases, exerts 
tin* same pressure that it would if 
it. occupied tin 1 whole space alone 
(Dalton’s Law of Partial Pres¬ 
sures). 

The preceding facts, viewed in rela¬ 
tion to the laws of energy. 


Explanation 

Bombardment ol walls by molecules. 

Molecules in rapid motion. 

Large spaces between molecules. 

Molecules tend to cohere when closely 
packed, especially at low tem¬ 
peratures. 

Molecules move more rapidly at 
highei temperatures. 

Increased pressure confines mole¬ 
cules in proportionately smaller 
volume. 

Molecules of a gas have but slight 
attraction for each other, or ten¬ 
dency to cling together. If such 
all i act ion did exist energy would 
he absorbed in overcoming it. 

At tract ion or cohesion between 
molecules not altogether absent. 
Volume occupied by molecules not 
altogether negligible. 

Molecules are so far apart that they 
move without interference from 
each other; and when they happen 
to collide, rebound without loss of 
energy. 

A given volume, under given condi¬ 
tions. contains nearly the same 
number of molecules, for all gases. 
(Avogadro's Principle.) 



28 


THE THREE STATES OF MATTER 


24. How Fast Do Molecules Move? —The molecules that com¬ 
pose a confined volume of gas are moving at all possible velocities 
in all possible directions. Each molecule, furthermore, by col¬ 
lision with its neighbors, is having its direction and velocity of 
motion altered at every instant. 

But among all the velocities which the gas molecules may 
possess at any given instant, there is a certain average velocity. 
This we are able to calculate from the pressure that the molecules 
set up by their bombardment of the containing walls— a*d that, 
strange, to say, without knowing the actual number of molecules 
that are concerned in setting up that pressure. It turns out 
that the molecules of hydrogen gas, at room temperature, have an 
an average velocity of about a mile a second. This is a pretty swift 
pace; but it is not an unlx'lievable one, for it would take this 
average hydrogen molecule about three-quarters of an hour to 
cross the American Continent, while an electric signal can span 
the gap in an inappreciable fraction of a second. 

Heavier molecules move more slowly. Thus, with oxygen, 
which is sixteen times as heavy as hydrogen, the molecules move 
only one-fourth as fast. 

26. Mixing of Gases by Diffusion.— If a small, open test-tube, 
containing a few drops of bromine, is dropped to the bottom of a 

deep glass cylinder, the reddish vapors 
of bromine work their way upward and 
presently begin to escape from the top 
of the cylinder. This is in direct oppo¬ 
sition to gravity , for bromine vapor is 
more than Jive times as heavy as air. 

Again, if hydrogen is introduced through 
u tube at tbe* top of a bell-jar supported 
above the table (Pig. . r >) the air is driven 
downward by the lighter incoming gas, and 
escapes through a hole in a sheet of paper tied 
over the lower end of the jar. When the jar 
lias been partly filled wife hydrogen, the gas 
may be lit at the top of the tube through which 
it was introduced. It burns quietly for a few 
moments; but presently there is a fluttering, 
the flame strikes down through the tube, and 
the gas within the jar explodes violently, 
blowing off the pajier drumhead. This ex¬ 
periment shows that hydrogen is so much lighter than air that it will remain 
above the latter for a little while, as oil remains above water, without 
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complete mixing. But, the final explosion shows tnat the two gases do mix 
to some extent in spite of their great difference in density, and that beneath 
the layer of pure hydrogen is one containing both hydrogen and air. 


These experiments illustrate a general principle. Whenever 
gases are placed in contact they will mix spontaneously in spite of 
differences of density. This spontaneous mixing of gases, which 
have been placed in contact or which are separated by a porous 
wall, is called diffusion. The molecular theory easily accounts 
for it. »The individual molecules of the two gases are in such rapid 
motion that gravity is no more effective in keeping them apart 
than it, would be in preventing tilts mixing of two swarms of gnats. 

26. Average Distance of “ Free Flight ” of Molecules. —But 
notice that the diffusion of gases in the preceding illustration does 
not take place at any such rate as would seem to be indicated by 
the molecular velocities given in § 24—a mile a second in the case 
of hydrogen. The reason is that no molecule can really go very 
far tjeforc it collides with another molecule and is turned back. 
Thus,, a foreign gas or vapor, introduced into any part of the 
earth’s atmosphere, will linger for a time near that particular spot. 
It was this circumstance that, made gas shells effective during the 
Great Wai. 


Calculat ions show that, the molecules of most, gases, at, standard 
conditions, have an average free flight of only one sixty-thousandth 
of a centimeter.* That is about ax ninny halts in the distance of a 
centimeter as a man makes steps in walking thirty miles. Yet the 
average hydrogen molecule travels 180,(XW) centimeters in a sec- 
oud, and gets as many knocks in that time and distance as a 
watch makes ticks in fifty years! 

In a partial vacuum, the free flight of a molecule is very much 
increased, being in fact inversely proportional to the pressure 
under which the gas is confined. This fact is of practical interest 
in the manufacture of incandescent lights. It is necessary to 
pump the air out, of these to prevent, oxidation; but in a vacuum 
thus produced flhe filament “ evaporates ” rather rapidly and 
is deposited as a metallic film on the inner surface of the glass. 
The remedy is to fill the bulb with nitrogen or argon. Thus the 
average flight of the metallic molecules is very much reduced, and 
many of those that leave the filament arc caused to return to its 


* A centimeter is about two-fifths of an inch. 
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surface. Here we have ail illustration of the chief lesson taught 
by the so-called theoretical sciences; that even the intensely 
practical-minded man can afford to follow truth a certain distance 
for its own sake, secure in the conviction that useful applications 
will not be long delayed. 

27. Diffusion of Gases through Small Openings.— Diffusion 
acts to bring about the spontaneous mixing of gases, even though 
these may be separated by a porous wall. 

Consider a wall containing a number of small openings, with 
hydrogen on one side and oxygen on the other. Now, if both 
gases have the same temperature and pressure, they will contain 
the same number of molecules in a given volume. This would 
seem to give both kinds of molecules an equally good chance of 
getting through the openings. Hut hydrogen molecules, being 
sixteen times as light as ihose of oxygen, move four times as 
rapidly (§ 2-1). Thus they arrive at the openings in the wall lour 
times as often as oxygen molecules do, and pass through 1o ihe 
other side. And four times as many molecules (A\ogadro‘s prin¬ 
ciple,) means that four times as great a vnlmm of hydrogen passes 
through the wall in any given interval of time. In general, the 
relative volumes of two gases diffusing through a porous wall in a 
given interval of time, under the same conditions, are inversely 
proportional to the square roots of their densities. :i This is the 
Law of Graham. Note that it compares one gas with another, 
under the same, conditions, not one gas with ilself, under different 
conditions. Furthermore, note that diffusion is related to the 
velocity of molecules, and not at all to their size. All openings 
that we know anything aboul are so largo in comparison with 
molecules that the latter have no trouble in passing through. 

What volume of earl ton dioxide gas. which E roughb 2a tunes ;is heavy 
as hydrogen, will diffuse through a porous wall hi the same time as one cubic 
centimeter of hydrogen, under the same etunlit ioiis‘ > 

Five cubic rent imelers of a certain ga- will pas- through a porous wall m 
the same time as ten cubic centimeters of oxygen, under the same conditions. 
How does the density of the gas compare with that ol oxygen? 

The phenomenon of diffusion through porous material is commonly illus¬ 
trated l>y means of t lie apparal is show n m 1 - u>. <>. This consist,-, of a e\ linder 
of porou clay, the walls of which contain an immense number of micro- 

* Density is the weight of unit volume. We are here dealing with relative 
densities, that is, the relative weights of equal volumes of different gases. 
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seopio openings. The. cylinder is connected by tubing with a balloon- 

llask and a largo beaker of water. When a bell-jar of hydrogen is lowered 
over the porous cylinder, hydrogen diffuses inward through the microscopic 


openings about, four tunes as fast as air 
diffuses out. The pressure thus set up 
within the porous cylinder is relieved by 
air escaping through the, boakorof water, 
lint, when the bell-jar of hydrogen is 
removed the reverse change takes place: 
Indrogen escapes through the noros of 
the cylinder faster than the air can 
enter, a partial vacuum is created, and 
a fountain of water from the beaker 
spurts up into the lla.sk. 

28. The Molecular Condition 
of Liquids. —A liquid differs from 
a gas in possessing a definite 
volume under given eondil ions, 
independent of (hat of the con¬ 
taining vessel. Liquids, volume 
for volume, sire much heavier than 
gases, that is, have a greater den¬ 
sity.* This indicates that com¬ 
paratively: litile space exists 

between the molecules of liquid, 
and none of them can move very 



far before colliding with neighbor¬ 
ing molecules. 


Fin. 0.—Diffusion of hydrogen 
through a porous cup. 


We nriv reason Hint this smaller average distance between 
molecules of a liquid must permit them to exert a much greater 
average attraction for each oilier than do tin 1 molecules of a gas. 
The motion of molecules within the interior of a liquid should 
nevertheless be but slightly interfered with by this attraction, for 
the reason that it is a, balanced attraction. Each given molecule 
must, experience nearly the same pull in all directions, due to 
neighboring molecule's. 

But molecules %ear the surface of a liquid experience an unbal¬ 
anced attract,ion. Their neighbors all tend to pull them down¬ 
ward to drag them into the interior of the liquid, and thus 


* Though under very grout pressures cerium gases that arc difficult to 
liquefy may possess a density comparable with that of liquids, and still 
remain in the gaseous condition. 
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diminish its surface. This tendency of a liquid to diminish its 
own surface is measured by what we call its surface tension. Its 
effects are roughly like 1 ; those that might be produced if the sur¬ 
face of the liquid were covered by a stretched rubber membrane. 
That is why soap bubble's, or small droplets of liquid, tend to 
assume a spherical shape. 

As the temperature of a liquid is reduced, its molecules move 
more and more slowly, and are rolled over each other with increas¬ 
ing difficulty. The liquid thus increases in viscosity, and in some 
cases passes gradually and continuously through more and more 
viscous stages, until it finally becomes rigid, without any sudden 
change in properties at any particular temperature. Glass, for 
example, is not a true solid, but merely a highly viscous liquid, 
flowing under pressure, though more slowly than the prov< rbial 
“molasses in January.” Sometimes such substances are called 
supercooled liquids or amorphous solids (Greek, formh.ss). 

29. Evaporation. Vapor Pressure. Aqueous Tension.—The 
molecules within the interior of a liquid have a definite average 

energy of motion, and thus a definite average 
velocity at each temperat lire. Some of them, 
however, at any given instant, have a velocity 
sufficiently greater than the average velocity to 
enable them to break through the surface layer 
of molecules and escape. Thereafter they are 
free to wander about in the space above (Fig. 
7) and constitute a vapor- namely a gas that 
can be condensed to a liquid merely by in¬ 
creasing the pressure upon it. (Air is not a vajx>r, for to con¬ 
dense it to a liquid it must, be both compressed and cooled.) 

The escape of molecules from a liquid into its vapor is called 
evaporation. A liquid that, evaporates readily is said to be vola¬ 
tile. After a sufficient numlx*r of molecules have collected in tin; 



Fig. 7. 


space above the liquid, their haphazard wanderings bring them back 
to the surface as fast as other molecules escape. « Thereafter, there 
is a balance lx;tween evajxiration and recondensat ion ami thus a 
constant number of molecules within the closed space at any given 
moment; and these, by bombardment of the walls of the vessel 
set up a constant pressure, called tin* vapor pressure. This 
depends on the temperature and on the nature of the liquid, but not 
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at all on the amount of liquid. For when a certain pressure has 
been reached at each given temperature evaporation is exactly 
balanced by recondensation no matter how much liquid is present. 
The vapor pressure of water is sometimes called aqueous tension. 

Vapor pressure may be demonstrated by drying a large, bottle and fitting 
it with a stopper that carries a rubber-tipped medicine-dropper, such as 
is used for filling fountain pens, and a U-shaped 
gage containing some colored liquid (Fig. 8). We 
note the level at which the liquid stands in the outer 
arm of the gage, then introduce a few drops of a 
volatile liquid into the bottle by means of the 
dropper. Immediately the liquid in the gage 
begins to rise, showing that the evaporating liquid 
is producing a pressure. 

Another way of demonstrating or measuring 
vapor pressure is to introduce a few drops of a 
volatile liquid into tin* vacuum above the mercury 
in a barometer. Some of the liquid w’ill evaporate, 
and presently it will be found that the level of the 
mercury has been depressed by a definite amount, 
which depends on the temperature. Fig. 8. 

30: The Structure of Crystals.—A true solid or crystalline solid 

may easily bo distinguished from an amorphous solid or super¬ 
cooled liquid: 

1. It tends to assume a crystalline form (?'.e., a definite geo¬ 
metrical shape, bounded by plane surfaces, and having special 
optical and mechanical properties not found in amorphous bodies). 

2. It melts at a definite temperature (§ 85). 

3. it absorbs a definite amount of heat in melting (§85). 

We may assume that the regular geometrical form of a crys¬ 
talline substance is due to a corresponding arrangement of its 
atoms or molecules - just as the regular outline of a regiment 
on parade betrays the regular arrangement of the individuals that 
compose it. 

This view has had remarkable confirmation within the past 
few years. A botm of X-rays is passed through a narrow slit, 
then through fragments of a crystalline solid, such as powdered 
quartz sand, and is permitted to fall upon a photographic plate. 
An image is formed, consisting of a series of parallel streaks (Fig. 9). 
The explanation is that each atom of the crystalline powder 
absorbs, and reemits, a portion of the energy of the X-ray beam. 
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Something similar may often bo observed on a pond of water, when 
ripples traversing its surface, and arriving at a row of stones, are 
reflected as secondary ripples, in circles from each stone. Now 
since the atoms of the crystalline powder art' regularly arranged, 
the energy which they reemit produces a regular pattern on the 



Fig. 9.—Images produced on a photographic plate by a beam of X-rays, 
after passing through crystalline powders. 


photographic plate*, and that in spite of the fact that the jjowder 
may be very finely ground, and disposed in the path of the 
rays in a haphazard manner. 

From such X-ray photographs, physicists have been able to 
loll just how the atoms of each kind of crystal are arranged with 



Fir;. 10. -Arrangement of atoms in Fir;. 11.—Arrangement of the atoms 

a crystal of common snll. Atoms in a crystal of calcitc fCat'Oj). 

of sodium (white circles) and chloi- Note that eaeh carbon atom lias 

ine (black circles ) occupy alternate three oxygen aloins, symmetrically 

corners of cubical space lattice. disposer! about, it. 


respect to each other, and to construct, models, such as those 
shown in Figs. 10 and 11, in which the different kinds of atoms are 
represented by spheres, occupying the corners of a lattice-work. 
It turn." out that the units of crystal structure are commonly 
atoms, rather than molecules (Fig. 10); though occasionally eor- 
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tain groups of atoms (Fig. 11) forming parts of molecules, main¬ 
tain their identity even in the crystal. 

31. Sizes, Weights and Numbers of Atoms and Molecules.— 
By studying matter in bulk, physicists have been able to draw 
conclusions concerning the sizes and weights of the individual 
atoms and molecules that compose it, and the number of these 
that are present in a given volume of gas or a given area of ciystal 
surface. 

• Sizes of Molecules 

Measurements of the rate of flow of gases through fine openings, 
of the thickness of oil films on water, and other methods, enable us 
to calculate the size of molecules. A molecule of oxygen, assumed 
spherical, proves to have a diameter of roughly 2.7 X10~ 8 cm.* 
In more familiar language, about one hundred million molecules of 
'xygen can be laid down side by side in a distance of 1 in. 

. Number of Molecules in a Cubie Centimeter of A ir 

• 

Methods to be mentioned in the next section permit us to 
calculate the number of molecules in a cubic centimeter of air— 
which is the same (§ 22) as tin' number contained in a cubic centi¬ 
meter of any other gas—at standard conditions (§22). This 
turns out to be around 27X10 18 — namely 27 followed by eighteen 
zeros. Otherwise expressed, there are as many molecules in a 
cubic centimeter of gas as grains of sand, each one-fiftieth of an 
inch in diameter, in a cubic mile of sand. But since the molecules 
of air are in motion, a better illustration of the number in this mere 
thimbleful of air would be a snowstorm. A fall of 27X10 18 snow¬ 
flakes would cover the the whole United States, three million square 
miles, to a depth of about an inch, f 

Number of Atoms in a Crystal 

When the arrangement of the atoms in a crystal has boon deter¬ 
mined by observations with X-rays (§ 30), a simple calculation, 

* 10” moans a figure one, followed by n zeros; 10~" means a one in the 
nth decimal place, preceded by zeros. A centimeter (cm.) is about two- 
fifths of an inch (§ IV,\). 

t Observations in several Nebraska snowstorms show that a large snow¬ 
flake may weigh as much as 5 mg. 
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based on the density of the material, enables ns to calculate the 
distance of each atom from its neighbors. This varies somewhat 
from crystal to crystal, but is around 2.8X10 -8 cm., the figure 
for common salt. Otherwise expressed there are about 35,000,- 
000 atoms of sodium and chlorine in a distance of l cm. ( = 0.1 in.), 
measured along an edge of a crystal of common salt; and in the, 
surface layer of a cubical crystal 1 cm. on an edge (Fig. 10) we 

would have the square of 
35,000,000—more than as 
many atoms, in fact, than 
there would be bricks, of 32 
sq. in. each, in a brick pave¬ 
ment covering flu; whole 
continent of North America. 

32. Are Atoms and 
Molecules Real?- The. 
atomic and molecular theo¬ 
ries furnish a reasonable 
explanation of many facts 
otherwise rather hard to 
explain. It is conceivable, 
however, that an explana¬ 
tion may lx* in harmony 
with all facts now known, 
and at the same time be 
false. Is the atomic theory 
anything more than a con¬ 
venient. frame on winch to 
hang our odds and ends of 
information concerning natural phenomena? Are atoms and 
molecules real? 



Fm. 12.—Principle of the steam turbine 
—a device for putting molecules to 
work. As the steam passes through the 
turbine a part of the energy of motion 
of its individual molecules is converted 
into mechanical energy. The average 
velocity of the molecules, and accord¬ 
ingly the temperature of the steam, is 
thus very much reduced. 


In answer we ought to note that a molecule of water is not less 
real than a visible droplet, merely because it does not appeal 
directly to our senses. Who ever saw an X-ray t*r a wireless wave, 
or weighed and measured life. Every criminal tracked down by a 
detective agency bears witness to t he fact, tlmt, it is possible to prove 
a good many things by indirect evidence alone. 

Tnc practical man accepts things as real if their existence is 
indicated by several independent indications, provided such 
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acceptance does not contradict previously accepted reality. Now, 
many kinds of evidence not only point to the existence of atoms 
and molecules but agree concerning their size, weight, number, 
distance apart, and velocity of motion. Thus, the number of 
molecules in a cubic centimeter of any gas at standard conditions 
(§ 31) has been deduced from such diverse sources as the rate of 
settling of a swarm of small particles suspended in water or air; 
the rate at which helium gas is formed from radium salts (§ 586, 
item 1); the movement of droplets of oil in an electric field; and 
the discharge of electricity through rarefied gases. All these 
agree within about 1 per cent. Again, calculations giving the size 
of molecules from the rate of flow of gases through fine openings 
are in harmony with the maximum diameter of atoms, as given 
by observations of crystals with X-rays. 

We must, therefore, either accept atoms and molecules as 
being quite as real as the visible objects about us; or we must 
admit that, wo know nothing about reality, and that all things may 


be b»it the substance of dreams, 
chemical changes an 4 effected by 


But if they are real, and if all 
rearranging and recombining 


them, then everything we can learn about them is apt to be of 


EXERCISES 

1. In what, important respect are atoms different from molecules? 

2. Stale several respects in which gases are all alike, and explain in terms 
of the molecular theory. . 

3. Outline the principal assumptions of the molecular theory of gases 
with respect, (n) to motion of molecules; (b) relative* space between molecules; 
( c) cause of the pressure set up by a gas; (d) conditions at. absolute zero. 

4. I'pon what does vapor pressure depend? Distinguish between vapor 
pressure and aqueous tension. Why is vapor pressure independent of the 
amount of evafioratiiig liquid? 

5. How can you explain the fact, in terms of the molecular theory, that 
an increase of temperat ure results in an increase of vapor pressure? 

(». Explain what would happen, and why, in the experiment of Fig. 6, 
if a gas heavier tha* air were used instead of hydrogen. 

7. A liter of oxygen is found to be sixteen times as heavy as a liter of 
hydrogen. Compare the weights of the individual molecules. State the 
principle involved. 

8. Describe the method by which it is possible to demonstrate the essen¬ 
tial difference between true and amorphous solids. 

S). What is wrong with the definition: “A crystal is a>solid of definite 
geometrical shape, bounded by plane surfaces.” 
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10. What properties distinguish a liquid from a gas? A true solid from a 
supercooled liquid? 

11. The dark stain that sometimes accumulates on the inner surface of 
incandescent light bulbs is a deposit of metallic molybdenum, due to atoms 
of molybdenum which evaporate from the filament at high temperatures, and 
adhere wherever they happen to strike tin* walls. From tin' manner of 
formation of this deposit, tell whether it is probably amorphous or crystalline, 
and why. (The molybdenum is an impurity in the tungsten filament.) 

12. Explain, in the language of the molecular theory, why automobile 
headlights are often nitrogen-tilled. 


' III. With the help of a dictionary, in comparison with the text, draw up 
definitions for the following terms, appearing in this chapter: Scientific law; 
scientific theory; scientific research; force; energy. 

11. Similarly, define the following: Ideal gas; density; diffusion; vapor; 
evaporation. 

In. Similarly, define: Vapor pressure; viscosity; surface tension; ’ola- 
tility; crystal. 

10. State and illustrate* the* law or principle due to each of Ihe following: 
Charles; Hoyle; Craham; Avogadro. 

17. Refer to the encyclopaedia for a few facts about Ihe lives of these 
four men, including at least one other scientific achievement in the case of each. 


IS. A balloon has ascended to a considerable height, and the decreased 
pressure has permitted the hydrogen to expand, until a large part of the gas 
has been lost. Will diffusion through the fabric of the balloon now take 
place more or less rapidly than before, and wh\? Explain whether the Law* 
of (Iralium does or does not apply, and why. 

ID. Helium, volume for volume, is about one-fourth as heavy as 
ammonia. What volume of helium will diffuse in lf> seconds through a 
porous porcelain wall that will pass 1000 cubic inches of ammonia m one 
minute? State the* law that applies. 

20. A liter of hydrogen weighs .00 gram. What will be Ihe weight of a 
liter of sulfur dioxide gas, under the same conditions if a molecule of sulfur 
dioxide is known to be thirty-two times as heavy as a molecule of hydrogen? 
Stab; the principle involved. 

21. What is the root-meaning of the word theory? Explain the practical 
use of theories. 


22. If a gas occupies a volume of 100 cu. in at 27° (\, what volume will 
it occupy at 127 fJ O. (Change toiiqierutures to absolute scale ) 

2.‘I. To what temperature must a gas be heated, m <jyder that its volume 
at —7.‘i°C. may be doubled? 

2t. A gas occupies a volume of 100 cu. in. under a pressure of 15 lbs. jht 
sq. m. What pressure must be placed upon it to decrease its volume, to 75 
cu. in.? 
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33. Metric Units. —Scientific work, the world over, is expressed 
in units of the metric system. These are definitely fixed, by inter¬ 
national agreement, whereas those of the English system are often 
variously defined in various parts of the English-speaking world. 
Moreover, many units of scientific interest have never been defined 
at all in any other system than the metric. Finally, calculations 
in the metric system are very much simplified by the fact that 
different units measuring the same quantity are related as multi¬ 
ples of ten. 

The student should commit to mi morn the approximate equiva¬ 
lents here given , mith abbreviations. Look up the exact equivalents 
vrhen * needed. 


Length: 

1 milliinei'-r (mm.)—about in. = about the thickness of 12 leaves of 
this book. 

1 centimeter (cm.) — 10 nun. = about 0.4 in. (exactly, 0.3037 in.) 

1 decimeter (dcm.) — 10 cm. — 100 nun. = about 4 in. 

1 meter tin.) = 10 decimeters = lOO cm. = 1000 mm. = 30.37 inches, or a 
little over u yard. 

Weight: 

1 milligram (mg.) - smallest unit of weight in the metric system. 
lA postage stamp weighs about 50 milligrams). 

1 gram (g.) = 1000 mg. =9X0.7 dynes = about t, 1 * oz., Avoirdupois. 

(A new American 5-eent piece weighs 5 grams.) 

1 kilogram (kg.) = 1000 g. =1,000,(K)0 mg. = 2.2+lbs. (exactly, 2.2040 lbs.) 

Volume, and Capacity: 

1 cubic centimeter (cc.) = volume of a cube 1 cm. on an edge, = volume of 
about 20 drops of water. 

1 milliliter (ml.) = the volume occupied by 1 g. of water, weighed in a 
vacuum, a# 4° C. 'Phis unit was intended to be—and is, within 
0.0027 per cent—the same as the cubic centimeter. 

1 liter (l.)=1000 ml. = 1000 cc. = volume occupied by 1 kg. of water, in 
a vacuum, at 4° 0. (exactly, 0.20417 U. S. gal.) 

Temperature. § 19. 

Heat. Appendix H. 
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34. The First Law of Chemical Change: Conservation of 
Weight. —Review §§ 7, 13. The different substances that react, 
with each other in any given chemical change are called the 
reactants. These are transformed, anti one or more new substances 
come into being, which arc called the resultants, or the reaction 
products. Thus, when carbon burns in a plentiful supply of air, 
the reactants are carbon and oxygen (of the air), and the resultant 
is carbon dioxide. 

Chemistry began to be a science when men first began to weigh 
the reactants entering into chemical changes, and 
to separate and weigh the resultants. Thus it 
was quickly discovered that there is no de- 
tectible gain or loss of weight in any chemical 
reaction. 

A simple demonstration of this law is shown in Fig. 
13. Two different materials (commonly solutions) are 
placed in the two arms of the tube. The tube is next sealed 
off at the top, and weighed as accurately as possible. It, 
is then shaken, to bring the reactants together; and 
after the chemical change has taken place the tube is 
permitted to eool, and is weighed again. This e.xperimerjf. 
has been carried through with chemical reactions of many 
different types, with very accural e balances, but, no change 
in weight has ever been detected that exceeded the possible 
weighing (about one part in ten million). 

Thus, however completely the readmits may have their proji- 
erties altered, there is one property— their total weight - which 
remains unchanged. The sum of the weights of the reactants, as 
nearly as we can determine, is exactly equal to the sum of the 
weights of the resultants. This is the Law of Conservation of 
Weight. Sinee weight (at any one place) is assumed to be a meas¬ 
ure of mass or quantity of matter, we sometimes restate this prin¬ 
ciple as the Law of Conservation of Matter. 

36. The Second Law of Chemical Change. Definite Propor¬ 
tions. —Chemists have always been interested} not merely in 
determining what kinds of substances are transformed or produced 
in chemical reactions, but how much of each. What .relative 
weights of carbon and oxygen are needed to produce carbon diox¬ 
ide? What weight of sugar must lie fermented to produce a given 
weight of alcohol? Reginning with the work of Black, in Eng- 
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land (1755), investigators do voted much effort, during half a cen¬ 
tury, to a study of such weight relations, gradually accumulating 
data sufficient to establish a second law governing chemical change. 
Every chemical change transforms invariable relative weights of 
the reactants, to produce invariable relative weights of the result¬ 
ants. This is the Law of Invariable Weight Relations or Definite 
Proportions. Thus when alcohol is burned in a plentiful supply of 
air, every gram of alcohol combines with a definite weight (2.09 g.) 
of oxygen to produce a definite weight (1.91 g.) of carbon dioxide 
and a definite weight (1.IX. g.) of water vapor. Every pound of 
red lead (a paint pigment) musi conlain a definite weight of load; 
and each pound of copper arsenite insecticide must contain a 
definite weight of copper. 


Show dial, tlio figures jus! quoted for the burning of alcohol also illus¬ 
trate the, law of Conservation of Weight. 

How much alcohol must ho burned if the carbon dioxide and water vapor 
together weigh ft.IS g.? , 

Reword the Law of Invariable Weight Relations to express what hap¬ 
pens when lwo substances, A and B, react, to produce two new substances, 
('mid D. 


The law just staled of course applies to the special case in 
which elements combine directly to form compounds. Thus 
any given compound always contains the same elements in 
the same proportion by weight, no matter how prepared. This 
special case 1 of the Law of Definite 4 Projiortkms is calk'd the Law 
of Constant Composition. Note that this serves rather as a defi¬ 
nition of chemical compounds than as a general law. "We examine 
the different noil-elementary materials found in nature or pre¬ 
pared artificially, and discover many among them that are 
invariable in their chemical composition. These we set apart 
in a group hy themselves, and call chemical compounds. Other 
materials, of variable composition, wo call mixtures or solu¬ 
tions. • 

Again, when we say that oxygen and hydrogen combine in 
invarialdc relative weights to form water we art' not stating that 
it is impossible for these elements to combine in other proportions 
than those given. We merely mean that if they do the product 
will not be water. 
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36. Dalton’s Principle.—The two laws just considered suggest 
certain properties of atoms. These, in their lurn, explain the 


laws: 

Laws 

1. There is no change in weiglil 
during chemical reactions. 

2. All samples of ;i given compound 
contain the same elements, in the 
same proportion by weight. 


Explanations 

1. The weights of individual atoms 

an* not altered by combining them 
with each other. ’ 

2. All the molecules of a given 
compound contain invariable rela¬ 
tive numbers of different Kinds of 
atoms, each kind having {! definite 
avc*rage weight. 


Otherwise expressed, our explanations come to this: The atoms 
of each given element have a definite and invariable average 
weight; and molecules are formed by combining definite \,hole 
numbers of atoms. This may lx* called Dalton’s Principle, since 
it was first stated (somewhat imperfectly) by John Dalton, an 
English schoolmaster, in 1.S0N. (Not to lie confused with Dalton’s 
Law of Partial Pressures, §23.) 

This implies that the atoms of any given element may all be 
of the same weiglil; but if they happen to be of different weights, 
they are always intermingled in such proportions as to have 
an invariable average weight. For example, the fact that tin com¬ 
bines in invariable proportions with other elements, regardless 
of its geographical source, shows that tin atoms possess an invari¬ 
able average weight, whether they come from the mines of England, 
Bolivia, or Southeastern Asia. A sample of nickel from Australia 
consists of atoms of the Maine average weight as one from Canada. 
Thus it appears that the materials that compose our earth came 
into being by processes that everywhere produced the same aver¬ 
age sorts of atoms; or that the components of tho earth crust, at 
souk; early stage of the earth’s history, got very thoroughly scram¬ 
bled. Only in the case of some elements whose atoms arc known 
to be of recent origin—recent, that is, as geology counts time— has 
the average weight of atoms of a given kind been found to vary 
with the source of tho material. 

37. Atomic Weights.—The relative weights, therefore, in 
which elements combine with each other are determined by the 
relative weights of their individual atoms. The manufacturer 
of red lead pai.it wants to make as much of this pigment as pas- 



ATOMIC WEIGHTS 


43 


sible from each pound of metallic, lead; and the farmer, pur¬ 
chasing copper arsenite insecticide, would be glad if this material 
contained a smaller percentage of the expensive metal copper. 
Yet both are tin; victims of Dalton’s Principle—the atoms of lead 
and copper have pretty heavy average weights and we have got 
to pay accordingly. An alteration in the accepted values for the 
relative weights of these atoms affects our pocket-books just 
as surely as altered quotations on the market or an increased tariff. 
A keenly practical' interest attaches to this matter of the relative 
weights of atoms. 

The average relative weight of the atoms of any particular 
element, in comparison with an atom of oxygen (taken as sixteen 
units) is called its atomic weight. Thus when we say that the 
atomic weight of load is 207.20, we mean that our best infor¬ 
mation shows that each atom of ordinary lead, on the average, 
weighs 207.20 times as much as a sixteenth part of an atom of 
oxygen. This is as if we wen 1 able to place a single atom of lead 
on oqe pan of a balance of less than microscopic size, and counter¬ 
poise it with minute weights placed u]K>n tin* other pan—each of 
these weights being a sixteenth part of an atom of oxygen. (We 
use the sixteenth part of an oxygen atom for our unit, since the 
lightest known atom, that of hydrogen, then turns out to be very 
nearly one.) 

Of course, no one has actually weighed individual atoms in 
any such fashion. They an* far too small for that. Their relative 
weights have to be determined by indirect methods, and are indeed 
disclosed by the* very facts that suggested Dalton’s Principle—the 
proportions by weight in which elements combine when taken in 
quantities that are large enough to weigh. For if we assume that 
all the molecules of any given compound are made up alike, it 
follows that the weight proportions in each molecule must be the 
same as the weight proportions in the matter as a whole. Each 
molecule of water must, contain S parts of oxygen to 1.008 parts 
of hydrogen, shut* water in bulk is made up in that way. 

But right hen* a difficulty appears. We need to show how 
many atoms of each kind are contained within a single molecule 
of water and are thus responsible for those relative weights. If 
only one atom of each, then tin* relative combining weights an* the 
same as the relative atomic weights. But for all we know in 
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advance, there may lie twice as many oxygen atoms as hydrogen 
atoms, which would make each individual atom of oxygen respon¬ 
sible for only half of the observed relative weight, of oxygen. 

This difficulty was apparent, to Dalton, and he made valiant 
attempts to surmount it. But another half century of research 
needed to pass before an Italian chemist, Cannizaro (1S5S)^ 
showed how Avogadro’s Principle (§22) might be applied to solve 
the problem. So many things came into his reasoning that we 
shall need to postpone it to a later stage of our progress. The 
half century of research will be worth a chapter in itself. 

For the present, then, we shall rest content with knowing that 
the thing that Dalton vainly tried to do can, after all, be done. 
The proportions by weight in which elements combine with each 
other can be made to reveal not only the relative weights of atoms 
but the relative number of atoms of each kind in a. molecule of 
any given compound. The fable of International Atomic Weights, 
inside the front cover, gives values for atomic weights bast'd on the 
best recent researches. 

38. Chemical Symbols.—Each of the elements is represented by 
a definite symbol, which is the initial letter or pair of letters of its 
English or Latin name. Thus sulfur is written S; chlorine, ('1; 
iron (Latin, ferrum ), Fe; tin (Latin, stannum), ttn; mercury 
(Latin, ht/drargi/rum), Ilg. The student should at once commit to 
memory the symbols of flit' most common elements—those printed 
in black type in the list inside the front cover. An alternate exer¬ 
cise, which may be made to serve as a test of one’s ability to mem¬ 
orize, consists in committing to memory a list of common metals, 
with their symbols, in the older of decreasing chemical activity, as 
given in § 72. We shall later discover some practical advantages 
in knowing it. 

To a chemist, however, the symbol S is much more than an 
abbreviation for sulfur, if, may mean (1) one atom of sulfur; 
or (2) a weight of sulfur that is proportional to its atomic weight. 
The, atomic weight, of sulfur is 32.0(V4 units; Hbnco S commonly 
represents 32.004 grams of sulfur. In general, tin* symlKil of an 
element represents either an individual atom, or as many grams of 
the element as there are units in its atomic weight. Such a weight 
is railed a gram-atom, or a gram-atomic-weight. Thus a gram- 
atom of oxygen is 10 grams. 
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How many grain-atoms of carbon in a kilogram of that element? 

Which is the greater weight, a gram-atom of silicon, or two gram-atoms 
of nitrogen? 

About what relative numbers of atoms are represented by equal weights 
of sulfur and oxygen? 


39. Chemical Analysis.—Thus far, wo have said nothing about 
tin; methods by which wo dolormine Iho relative weights of the 
constituents of a compound. Such a determination, made 
directly^or indirectly, is called a chemical analysis. It is a qual¬ 
itative analysis if we merely identify the constituents; a quanti¬ 
tative analysis if we determine, the (inward of each. 

Compounds may sometimes be analyzed by decomposing them 
directly, by means of heat or an electric current. Thus we may 
weigh crystals of potassium chlorate, then heat them strongly. 
Oxygen gas will escape, and when all of this has been driven off 
we may note the loss of weight, and thus determine the percentage 
of oxygen in tin* original mat (‘rial. Again, a sample of a copper 
compound may be dissolved in water, then all the copper plated 
out iii metallic form, on a sheet, of platinum, by means of an 
electric current. The increase in weight of this sheet will then 
give the weight of copper in the original material. 

More commonly, a substance is analyzed indirectly, by causing 
it to be transformed into a new substance, easily weighed, and of 
known composition. 

40. Analysis by Combustion.--A good example of such an 
indirect quantitative analysis is that used in determining the per¬ 
centage of each element in such a substance as cane sugar. 


A small sample of the sugar is weighed out accurately into a porcelain 
“ boat,” which is pushed into a hard-glass tube, contained in an electric fur¬ 
nace (Fig. II). Most of the tube to the right of the sample is filled with 
coarse grains of copper oxide, and heated to redness in the beginning, before 
any heat is applied to the section of the furnace containing the sugar. When 
all is ready the sample is slowly heated, while a current of dry air or oxygen is 
passed over it. .The sugar is thus slowly decomposed and burned. Any 
vapors that, might, otherwise escape oxidation are oxidized at the expense of 
oxygen yielded up by the layer of red-hot copper oxide over which they are 
compelled to pass. 

The products of the burning are renter vapor, which is absorbed in a tube 
containing calcium chloride; and carbon dioxide, which passes on through 
the first tube and is absorbed in a second one, containing soda-lime.* A 


* A mixture of quicklime and sodium hydroxide. 
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third tube, containing both soda-lime and calcium chloride, is to protect 
the others from the moisture and carbon dioxide of the atmosphere. 

The increase in weight, of the first tube is multiplied by 11.19 per cent, the 
percentage of hydrogen in water, to obtain the weight of hydrogen in the 
original sample; and that of the second tube by 27.2S per cent, the percentage 
of carbon in carbon dioxide, to obtain the total weight of carbon. If the 
sum of the weights of hydrogen and carbon is less than the weight of the 
original sample, at least one other element is present. In the case of sugar 
this is oxygen. 

The preceding description of tin analysis by combustion should 
be very carefully studied, since it is the principle by which the 
composition of practically every member of the vast host of 
organic compounds (§ 321) has been determined. 



Fig. 14.—Analysis by combustion. 


41. Chemical Formulas.— A chemical formula is a group of 
symbols, showing what kinds of atom .s and how many of each are 
present in any given molecule. Symbols refer to atoms. Formulas 
refer to molecules. Thus an atom of hydrogen is represented by 
the symbol II; but a molecule of hydrogen, which contains two 
atoms, is represented by the formula II -j. The molecules of 
several common elementary gases can be sh(*vn to consist of 
two atoms, whence the formulas (’L>, N 2 , etc. But a mole¬ 

cule of helium, argon, or mercury vapor contains but one atom, 
hence the formulas of these elements are the same; as their 
symbols He, A, Ilg. 

When vve have analyzed a compound, by one of the methods 
previously described, it is usually easy to calculate the number of 
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atoms of each kind in one molecule of the compound. We shall 
later (§ 161) show how such calculations are made. As an exam¬ 
ple, the weight-composition of water, in connection with other 
evidence, shows that a molecule of water vapor consists of two 
atoms of hydrogen in combination with one atom of oxygen. We 
therefore represent water vapor by the formula II 2 O. There are 
some reasons for believing that liquid water contains molecules 
formed by union of two or three of tin* simple molecules, IIvO, 
with eacji other. Moreover, a crystal of ice consists of a vast 
number of simple molecules interlocked into a unified whole. 
Still, for simplicity, liquid water and ice art' both commonly 
represented by the simple formula, II 2 O, which properly applies 
only to water vapor. And, in general, any solid is commonly 
represented by the simplest formula that agrees with its composi¬ 
tion by weight, though some indefinite multifile of this formula 
would represent, an actual crystal (§30). 

Wc sometimes hear chemical formulas spoken of as if they 
wore mere “shorthand signs” for the names of particular suli- 
stanees. In reality, they are much more than this; for each 
formula shows the kinds of atoms, and the number of each kind 
that are contained in a molecule of the given substance. And 
since these* atoms have definite average* weights, the formula of 
tin* compound enables 11 s to calculate the relative weights of the 
different elements entering into il. Finally, we have formulas, 
like that in Fig. 2, § 13, which are of the nature of architectural 
plans, in that they show something about the way in which the 
atoms are arranged With respect to each other, in space. But 
more alioul that later (§ 342). 

42. Molecular Weights. Moles.—The average relative weight 
of the molecules of a given substance, in comparison with a six¬ 
teenth part of an atom of oxygen, is called its molecular weight. 
(Note that the unit is the sixteenth part of the oxygen atom, the 
same as in the case of atomic weights.) The molecular weight 
of any substance «is the sum of the* relative weights of all the 
atoms in one molecule of the substance. For water, II 2 O, it is 
therefore . (2X1.008)+16= 1N.016. Now, just as a chemical 
symbol may represent a gram atom, so a chemical formula may 
represent a gram-molecule, otherwise called a mole—as many 
grains as there are units in the* molecular weight. Thus the 
formula H 2 SO 4 represents two gram-atoms of hydrogen (2X. 
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1.00S g.) in combination with one gram-atom (32.00 g.) of sulfur 
and four gram-atoms (IX10 g.) of oxygon, forming a total of 
98.070 g. of sulfuric acid. 

How many grams in a mole of chloroform, CIIC1 3 ? 

About how many moles of calcium carbonate, CaCO Jf arc contained in a 
kilogram of that substance? 

Which is the, heavier, a mole of nitrogen, N 2 , or a grain-atom of sulfur? 

A mole of a certain substance is Hit) g. What is tin* relative weight of 
a molecule of this substance compared with an atom of oxygen? 

What is the relative weight of a molecule of the preceding substance 
compared with a molecule of oxygen? 

How many gram-atoms of hydrogen are contained in a mole of hydrogen? 

Explain why the word gram-atom applies only to elements, while the word 
mole applies both to elements and compounds. 

Note that a molecule is a small particle, hut Hint a mole is a 
definite weight of material. 

43. Chemical Equations.— If each of Ihe reactants and result¬ 
ants in a chemical change is represented by its formula, then the 
change itself may he represented by pulling formulas together to 
make a chemical equation. For example, we may write: 


or, 


<• + ()._»- ('().; 
(■’ + <>:;-» n\>. 


Either of those is read: Carbon funder proper conditions) combines 
with oxygen to form carbon dioxide. But note the mental reserva¬ 
tion: under proper '•onddums. Carbon and oxygon, at ordinary 
temperatures, do not react; and at higher temjwrafures, if the 
supply of oxygen is limited, wo get a different product, carbon 
monoxide. Thus one is not learning chemistiy who merely mem¬ 
orizes chemical equations. The most important thing, in tin* ease 
of each equation, is the. conditions under which the given reac¬ 
tion takes place; to know, in other words, just, how to proceed 
to obtain the given result in the laboratory. 7 ' 

Metidlic copper, when strongly heated in the air, turns black, 
due to the formation of a film of black copper oxide. If we rep¬ 
resent each of these substances by its symbol or formula we have: 


Cu-KVi ~* (hi(). 
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But this is still incomplete, for O 2 represents a molecule of oxygen, 
and this contains sufficient oxygen to combine with two atoms 
of copper, thus forming two molecules of copper oxide (written 
2 CuO). Thus the completed or balanced equation is 

2Cu+0 2 -+ 2CuO. 

Notice that a formula represents a single molecule; and there¬ 
fore when we wish to indicate two molecules of a sustance we simply 
write a *2 before the formula. 

Write an equation to show that when grape sugar fC B IIi>Oc) is fermented 
each molecule of the sugar produces two molecules of alcohol (C;lla01I) and 
two molecules of carbon dioxide. 

Another to express the fact that when alcohol is burned, each molecule 
of alcohol requires three moleeules of oxygen to react with it, and produces 
two moleeules of carbon dioxide and three molecules of water. 

Another to represent the formation of inetaphosphorie acid (HPOj) by 
combining phosphorus pentoxide (I'aOr,) with water. 

balance the equation just written. Explain what it then means, in terms 
of moleeules. 

Read § 49. 

44. Some Common Reagents. —A laboratory' period may l>e 
spent in Incoming familiar with some of the common reagents, 
by which wo mean materials kept in stock in the laboratory and 
used to product* chemical reactions. Here art* some suggestions, 
to he amplified by the Instructor. Examine the actual substances, 
until they can be identified when imlalxded samples are passed 
around the classroom. Incidentally, learn the formulas.. Do not 
try unauthorized experiments. 

1. Elements (a) Mcluls. Magnesium, aluminium, zinc, iron, tin, cop¬ 
per. Notice the form in which each of these is supplied to your laboratory: 
whether powder, wire, ribbon, turnings, tilings, or granulated metal. Notice 
which of these metals seem to remain bright in the laboratory atmosphere 
and which need to lx* rubbed to expose the metallic surface. 

Sodium, potassium. These are very soft metals, which are always kept 
under kerosene because they react with the moisture of the air. Note the 
difference in color between freshly cut surfaces of the two metals. 

Recall the symlwfls for all the preceding metals. 

(ft) Nou-mctalx. —Solids: Sulfur, charcoal, iodine, red phosphorus, 
yellow phosphorus. (Do not remove the latter from under water.) 

Reeairthe symbols for all these elements. 

Red-brown liquid: bromine, br». (Do not remove stopper.) 

Colorless gases: Nitrogen (N 2 ); oxygen (()»); hydrogen (lb). 

Greenish gas: Chlorine (CU). (Do not remove stopper.) 
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2. Acids.—\\ lint is mount, by the terms concentrated and dilute (§95)? 
What, an' some common characteristics of acids (§ 102 ;? 

Concentrated sulfuric acid, II 2 S0 4 . A heavy, oily liquid (§241). 
Note heat, developed when acid is added to water. Danger in 
adding water to acid, and why? 

Concentrated nitric acid, UNO.,. Note the yellowish color (§ 300). 
Concentrated hydrochloric acid, HOI. This is a solution of a very 
soluble, colorless gas, in water (§ 105). 


3. Bases.—Sodium hydroxide (NaOH) and potassium hydroxide' (ICOFT). 
These look alike: sticks, Hakes, or powder. Sodium hydroxide is common 
“ lye.” Best kept, in cork-stoppered bottles, since glass stoppers often stick 
tight. Keep stoppered when not in use. (Expose a small sample in an opei. 
dish, to find out win .) 

Ammonium hydroxide, NHjOH. Made by dissolving ammonia gas. 
Ml,, in water ( § 2 N(ij. This is the “ aqua ammonia,” or ” ammonia water ” 
of the household. 


4. Salts.—Most of these are white crystalline solids. Notice how inanv 
reagents are sodium, potassium, or ammonium salts Compare potassium 
chlorate with common salt tsodium chloride) and with alum to note con¬ 
trasting crystalline forms. 

Copper salts. Green or blue. 

Manganese salts. Pink. 

Nickel salts. Green. 

Iron salts. Some are classed as ferrous salts, and some as feme salts. 
Look for a distinction of color between the Iwo classes. 

Potassium permanganate, KM 11 O 4 . Purplish-black needle.'., forming 
a purple solution. 

Potassium dichromate, I\.Cr;.():• Orange colored crystals. Dissolve 
a small crystal and observe the color of the solution. 

Potassium chromate. Yellow crystals. Dissolve a small crystal, 
add a few drops of any acid, and draw conclusions. 

6. Metallic Oxides.— Note names and colors of three different oxides of 
lead. 

Manganese dioxide, MnOa. Dark brown powder. 


45. Standard Manipulation. Chemistry is a manipulative 
science. The things vve know about, the transformations of 
matter were not derived by pure meditation nor revealed to the 
chemical pionccis in dreams. Every chemical equation is bast'd 
on prolonged experiments (§ Hid); and each triumph of the 
human intellecl, in the realm of atoms and molecules, had to wait 
for the effort, of human hands. 

Actually, a large part, of the difficulty of those who have dif¬ 
ficulty with chemistry may be traced to a bookish habit, of mind 
which leads them to pay mom attention to formulas on a printed 
page than they do to what they see on the lecture table or perform 
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with their own hands. They rest content with learning text¬ 
book facts about things never distinctly visualized at all. They 
fail to become vividly conscious of the actual experimental con¬ 
ditions under which substances are made to interact, and of the 


means that are used to separate substances from each other. 

The remedy is 1o be found in laboratory exercises, taught in 
such a way as to enforce consideration of the substances them¬ 
selves rather than mere w/mr.s of substances. One who has not 
learned [tow to do tilings with chemistry has studied the science 
in vain. Standard pieces of apparatus may be exhibited in the 
laboratory, and standard manipulation illustrated on the lecture 
table; and students from the beginning should be taught to sketch 
apparatus from memory, at least with half the skill with which the 
Cave Mon used to sketch reindeer. Lecture experiments, not too 
numerous, should lay stress on what is being done, and how, and 
what the results are intended to prove. These should be covered 
in the quiz. 

Study the following: 


1. Heating a Solid to Produce a Gas. fFitr. 151—Note the proper 
inclination of the test-tube .1, and why. If tin* gas is onl\ von slightly 



soluhie it is collected in small bottles, previously filled with water and 
inverted over the end of the delivery tube, where tho\ are supported by a 
bridge , li, just, beneath the surface of water in a pm umatu ■ trough, T. llow 
may one determine ^'bother the apparatus is gas tight? 

2. Reaction between a Liquid and a Solid to Produce a Gas. (Pig. 10.)— 
The liquid is added through a thislU-tiibc, T. Note that this must he in¬ 
serted far .enough to dip beneath the surface of the liquid in the flask. Why? 
Sometimes a wush-hnUlc, (\ containing a very little water, is used to wash the 
escaping gas, to remove impurities. An empty wash-hot tie often servos to 
eateii spray from the liquid in the generator, F. If the. washed gas happens 
to he soluble in water, and thus incapable of being collected over water, it, 
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is collected in a Lottie, D (covered with cardboard or glass). The sketch 
assumes that the gas is heavier than air. Show how the apparatus would be 
modified in the contrary case. 

Study the Kipp generator (Fig. 26). What advantage docs it have over 
the apparatus shown in Fig. 16? 

3. Reaction of a Gas with a Solid. (Fig. 17.)—The solid is usually 
contained in a porcelain “ boat,” B, about two inches long. This is placed 
inside a hard-glass tube, II, which is gradually heated to a dull redness with 
the Bunsen burner, while a current of the gas is being passed. 



EXEHCISES 


Use Approximate Equivalents 

1 . How many liters in a cubic meter? 

2. How many square centimeters in a square inch? 

3. A pressure of 1033 g. per square centimeter is how many pounds per 
square inch? 

4. If 1 cc. of air weighs 1.29 mg., how many liters in 1 kg. of air? 

5. What weight of sugar is contained in one liter of a sugar solution, which 
is 1.4 times as heavy as water, and contains 30 per cent sugar by weight? 

6 . What is the height, in meters, of a column of water which exerts a 
pressure of 1 kg. per square centimeter? 

7. If a liter of air weighs 1.29 g., calculate the volume, in cubic meters, 
of 1000 kg. of air. Express the result as a power of ten, as explained in a 
footnote, p. 35. 

8 . What linear distance, in centimeters, corresponds to a volume of 1 cc. 
when a liquid is contained in a capillary tube of 0.2 sq. iku. cross-section? 


9. In a certain reaction, 50 parts by weight of substance A react with 
35 parF by weight of substance B to produce 45 parts by weight of C and 
an unstated weigh* of D. What will be the weight of L)‘l State the law 
that applies. 
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10. Make a statement alxmt the rusting of iron in moist air that will 
illustrate the Law of Conservation of Weight. 

11. Ijead combines with oxygen in several different proportions to form 
a corresponding number of different oxides of lead. Is this an exception 
to the Law of Constant Composition? Why or why not? 

12. Explain why the Law of Constant Composition is only a special 
case of the Law of lie finite Proportions. 

13. State Dalton’s Principle, and show how it applies to water. 

14. Make a general statement regarding the atomic weight of samples 
of a given element from different geographical sources. 

15. What is the unit, weight in tables of atomic weights? 

10. Explain why determinations of atomic weights are of practical interest. 

17. Are all the atoms of a given element, necessarily of the same weight? 
Make a definition of atomic weight consistent with this fact. 

IS. What sort of experimental data have been used in deducing our 
modern tables of atomic weights? 

19. One of the oxides of lead contains 103.5 parts of lead in combination 
with 10 parts of oxygen. This fact alone is not sufficient to establish the 
atomic weight, of lead. Explain why. 

20. Explain the difference between the symbol of an element and its 
formula. Tell why the two are sometimes identical and sometimes not. 

21. What weight of each element is contained in one mole of chloroform, 
CUCla? What percentage of the total weight, is chlorine? 

22., Explain why the word symbol applies only to elements, and the word 
formula both to elements and compounds. 

23. What is the symbol of chlorine? What is its formula? What actual 
weight of cliloriuc is represented by each? 


24. What farts about sulfuric acid are expressed by its formula, H 2 S0 4 ? 

25. What weight of sulfur is combined with 04 g. of oxygen, in sulfuric 
acid? 

20. What fraction of a mole of sulfuric acid is needed to contain 8 g. of 
oxygen? 

27. What total weight of sulfuric acid is represented by one mole of that 
substance? Wluit percentage of that weight is sulfur? 

28. Similarly, determine the |>ercentage of copper in copper oxide, GuO. 

29. Similarly, determine the percentage of each element in potassium 
dichromate. (Use nearest whole numbers for atomic weights.) 

30. From your experience with tin* preceding problems, give a general 
rule for determining the percentage of each element in a compound whose 
formula is known. 

31. When Calcium carlionate, GaGOj, is treated with hydrochloric acid, 
the reaction produces calcium chloride, CaCl z , together with carbon dioxide 
and water. Write and balance an equation to illustrate. 

32. In the preceding equation, how many moles of hydrochloric acid, and 
what actual weight of hydrochloric acid, is needed to react with one mole of 
caleium carbonate? 

33. How many moles of calcium carbonate an 1 represented by 100 g. of 
that substance. How many moles of caleium chloride, and what weight of 
calcium chloride will that produce. 
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34. From the preceding result,, calculate the number of grams of calcium 
chloride which can be produced from 10 g. of calcium carbonate. 


35. Distinguish between Ihe following: Reactant,, resultant; molecule, 
mole; symbol, tormula; atomic weight, gram-atom; ciualitalive analysis, 
quantitative analysis; reagent, reactant; atomic weight of an element, actual 
weight (in grains) of one atom of an element. 

3l». Look up a few biographical details concerning Dalton and Cannizcro. 

37. Explain how the molecular weight of a substance may be calculated, 
if we know its formula. » 

3S. Is the unit of molecular weight the same or different from the unit 
of atomic weight? What is the atomic weight of oxygen? Its molecular 
weight? 

30. Sulfur dioxide gas (volume for volume) is twice as heavy as owgen. 
What may we conclude about the molecular weight, of sulfur dioxide 7 State 
tin 1 principle involved. 

10. Knowing the molecular weight of owgen to be 32, state what 
experimental information needs to be determined concerning any other 
gas (§22), m order that its molecular weight may be calculated. 
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46. Oxygen the Most Abundant Element— Oxygen makes up 
fully half of the earth’s mist, including the solid rocks, soil, ocean, 
and atmosphere (§ 12). Most of this is in chemical combination 
with other elements--atoms of oxygen united in a definite ratio 
with atoms of other elements to form molecules of chemical com¬ 
pounds (§ 13). Examples are quartz, limestone, clay, and other 
common minerals. Water is very closely eight-ninths oxygen 
and one-ninth hydrogen, by weight. Finally, all living plants 
and animals contain oxygen, in chemically combined form. 

But in the atmosphere oxygen is for the most part uncombincd. 
Air is indeed not a chemical compound, but a mixture, formed 
by intermingling molecules ol oxygen with those of nitrogen and 
other gases. Its chemical eonqnisition (§7) therefore varies 
slightly from place to place and from time to time. But on the 
average, air is roughly one-fifth oxygen and four-fifths nitrogen.* 

47. The Discovery of Oxygen.— The (’liinese, as early as the 
eighth century, apparently observed that air contains at least two 
components, one of which is able to support combustion, while the 
other is not. The Moorish alchemist, (leber, who lived in Seville 
about the year 800, discovered that many metals grow heavier 
when heated in open vessels, for tlit' reason, as we now know, that 
they unite with the oxygen of the air. 

Here progress halted for almost a thousand years, until 
Seheele, in Sweden (1771), prepared oxygen by heating several 
solid substances and showed that it is probably present in the air; 
Priestley, in England (1771), prepared it from mercuric oxide; 
and Lavoisier, in France (1777), confirmed the previous observa¬ 
tions, and showed the part that oxygen plays in respiration and 
combustion. 

* More exactly about 21 per cent oxygen by volume, or 23 per cent by 
weight, with about 1 per cent, of argon, and the rest nearly all nitrogen. 
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One of the experiments of Lavoisier is justly famous as proving clearly 
that air is not ail clement—as the world long believed on the authority of 
Aristotle—but. contains at least two distinct substances. 

Mercury was heated in a retort ( A , Fig. IS) t he neck of which led under 

a bell-jar (B) standing in a larger dish of 
mercury. A red powder soon appeared in 
the retort, and slowly increased in quantity 
during twelve days. The air enclosed with 
the mercury decreased at the same time, 
presumably because a part of it was combin¬ 
ing with the mercury, to produce the ml 
powder. , 

But. after twelve days’ heating no further 
change* seemed to take place. The red pow- 
Fhi. IS. dor was then collected and heated still hotter. 

This decomposed it, giving back metallic 
mercury and a gas. The latter, moreover, proved to have exactly the same 
volume jus tho air that disappeared in the first p.nrt, of the experiment. 

It was accordingly concluded tluit, air consists of at. lejist. two ingredients. 
The one, making up about a fifth of the whole, and able to unite directly with 
mercury to form the red powder (mercuric oxide), Lavoisier mimed oxyyni. 
The rest, which failed to combine with mercury even after long-continued 
heating, has since boon shown to consist largely of nitrogen (§ 2SO). 

48. Oxygen from Potassium Chlorate. —Though oxygon is 
such a plentiful element, it is often so firmly united with other 
substances as to be separated with great difficulty. Ordinary 
white sand, for example, is more than half oxygen, yet fails to 
release this clement, even when heated to the temperature of 
the electric arc (3500° C.). Water (or steam) is eight-ninths 
oxygen, and is decomposed only very incompletely under the same 
conditions. 

But among the many substances rich in oxygen are a few 
which do give it off when they are heated to a moderately high tem¬ 
perature. The one most commonly used in the laboratory is 
a white crystalline; substance, potassium chlorate. This may 
be melted in a test-tube, by gentle heating, without being decom¬ 
posed appreciably; but when a small amount of manganese diox¬ 
ide is added, oxygen gas is given off very rapidly, and may be 
recognized at the mouth of the test-tube by the*common test for 
oxygen —the fact that it will cause a glowing spark, at the end of a 
splintei of wood, to burst into flame. 

Or the potassium chlorate and manganese dioxide; may f»e 
mixed in the beginning, and heated in an inclined test-tube, the 
oxygen gas being collected over water in a pneumatic trough. 
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(Study Fig. 15, p. 51.) In the absence of the manganese dioxide, 
tin? action takes place more slowly, and a higher temperature is 
required, but the same products are obtained in the end. The 
potassium chlorate (K( ■!()») parts with all of its oxygen, leaving 
behind another white solid, potassium chloride (K( T), mixed with 
the black manganese dioxide, which remains undecomposed. 

49. How Equations are Recalled.— Read § 43. The preceding 
experiment may be summarized as follows: 

# 

potassium chlorate -> potassium chloride+oxygon. 

But potassium chlorate is known to have the formula KUlOa, and 
potassium chloride the formula KC1; while uncombined oxygen 
is O 2 (§41). Substituting formulas for the names first written: 

KCIO;,—»K(‘l+l> 2 . 

This formulation is unbalanced; for there are three atoms of 
oxygen in each molecule of potassium chlorate, and only two of 
these are accounted for among the products. We adjust this by 
taking two molecules of potassium chlorate, 2 KCIO 3 , which will 
give us two molecules of potassium chloride, 2KC1, and three of 
oxygen, 31 > 2 ; i.e., six atoms of oxygen, two of potassium, and two of 
chlorine on each side of the (‘quality sign. The balanced equation 
accordingly stands: 

2 KCIO 3 = 2KC1+302. 


An equality sign has here been substituted for the arrow, to 
direct attention to the fact that the process of balancing has been 
completed. 

Notice that the process of recalling an equation is carried out in 
three steps. 


(1) Recall the names of the substances entering into the chem¬ 
ical change, and tlTe names of those produced by it. 

(2) Translate these names, one by one, into formulas. 

(3) Balance the equation by taking such multiples of the indi¬ 
cated formulas as will result in equal numbers of atoms, for each 
given element, to the right and left of the equality sign. For 
details of this process, the student should now study § 128, 
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Of those throe steps, the first is the most important. Skill in 
balancing will come with practice. 

50. An Important Warning. —Potassium chlorate, KClOu, 
gives off all of its oxygon when heated. Potassium nitrate, KN()«, 
gives off only a third of its oxygen, even at. very high temperatures, 
and leaves behind potassium nitrite, KNO 2 . Calcium carbonate, » 
CaCOs, gives off no oxygen at all , but carbon dioxide. Potassium 
metaphosphate, KPO 3 , is unaffected by heat. The equations a/e: 

2 KCIO 3 = 2K( 3+3(\> ; 

2KN0 3 = 2KN( )■>+()■>; 

CaCO ;{ = CaO+C0 2 ; 

KPO 3 = KPO 3 . 

These examples show very plainly that a formula affords no safe 
clue to what will happen when a substance is heated or when it 
reacts with other substances. KCIO 3 , KNO ;{ , CaC() ;{ , KPOa all 
behave differently when heated, in spite of their similar formulas. 

Do not make chemistry into a species of algebra. In algebra 
we know that if fa + b}- is written on the left-hand side of the equa¬ 
tion , then a 2 4-2ub-|-b- may be written on the right-hand side. In 
chemistry, from the formulas of two or more substances, there is 
absolutely no way of predicting what the formulas of the produels 
of their interaction will be. An experienced chemist reasons, not. 
from formulas at all, but from his knowledge' of the general prop¬ 
erties of the given substance's or of their dost' relatives. The* 
intelligent student, soon learns enough chemistry to ('liable him to 
begin to reason from properties, as a trained chemist might do. 
Until then, there is no way to ‘‘ figure out ” what will happen when 
two substances are brought together. One sitnyly want knoir. 
Students who heed this warning should make comfortable progress 
in chemistry. Those who do not are headed toward failure from 
the very first week. 

61. Oxygen from Sodium Peroxide. —When metallic sodium 
is heated in a slow current of air (§ 431) it forint? a yellow powder, 
sodium peroxide (Na 202 ). When this is added to cold water, the 
mixture gives off oxygen gas, very slowly at room temjieratures, 
more rapidly in the presence of a little copper oxide, or on being 
warmed. (It is very dangerous to add sodium peroxide to hot 
water, for the reaction then takes place with explosive violence.) 
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The final products arc sodium hydroxide (NaOH) and oxygen; 
Na 2 0 2 +II 2 0 -> Na0H+0 2 . 

This equation is harder to balance than most of those to be met 
in the next few chapters. Balanced, it reads: 

* 

2Nu 2 0 2 +‘2I I 2 () = 4NaOII+0 2 . 

ITow many tiioli'rulcs of each of the four substances are here indicated? 
ITow mafty iilnum of oxygen (combined and elementary) on each side of the 
equation? How many moles (§42) of sodium hydroxide may be formed 
from two moles of sodium peroxide? llow many moles of oxygen will be 
liberated at the same time? What weight of oxygen will this be? 

52. Catalyzers and Catalysis. Enzymes. —A very small amount 
of manganese dioxide (or ferric oxide) will cause potassium chlo¬ 
ride to bo decomposed more rapidly, or at a lower temperature, 
than would otherwise lie possible. Topper oxide is of similar 
service in furl Inning the decomposition of sodium peroxide by 
water. Many other eases an* known in which substances change 
the speed at which reactions take place, without being themselves 
permanently altered. Those substances an* called catalyzers, or 
catalytic agents.* The phenomenon of inoreased speed of reac¬ 
tion, in the presence of catalyzers, is called catalysis, or catalytic 
action. Some inslanees u»v known in which one part of a cata¬ 
lyzer is Kuflioionl to transform as much as one hundred million 
parts of other material. 

The mode of action of catalyzers has been carefully studied, 
and in some eases has been sufficiently well explained; but we are 
still ignorant of the manner in which many others produce their 
effects. All we know is that they aid a proems that other- 
vise would take place with difficulty. They are a little like oil 
on a rusty bearing. 

Catalyzers play a very important part, in nature and industry. 
Tin* “ drying ” of linseed oil, for example, is really a process 
union with oxygen, not oik* of evaporation at all. It is very 
much hastened by using oil that has been “ boiled ” with lead 
oxide, which acts as a catalyzer. Many important chemical sub- 

* In what follows, the word catalyzer will refer to positive catalyzers, or 
those that increase the speed of a reaction; though negative catalyzers, which 
decrease reaction speed, are also known. 
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stances, such as sulfuric acid, nitric acid, and ammonia, arc now 
manufactured on a large 1 scale with the aid of catalyzers. All 
living cells contain natural catalyzers, called enzymes or ferments, 
which make, possible the chemical changes carried out. in vital 
processes. 

63. Oxygen from the Oxides of the Noble Metals. —Certain> 
metals, such as silver, mercury, gold, and platinum (often referred 
to as noble metals) an* more difficult to bring into combination 
with oxygen than such other familiar metals as iron, zinc, and lead; 



and their oxides, once formed, an* easily decomposed by heat, 
liberating oxygon. 

This property of mercuric oxide was used by Lavoisier in his 
famous research on the composition of the atmosphere i § 17). 


21 lg() = 2IIg-f ()w. 

Merrill ii- Miti ury 
nxiile 


Fig. 19 shows the experiment, as performed in the lecture room. 
The mercury produced is driven off as a vapor, which condenses in 
the turn of the tulx*. The gas produced in the process may 
be recognized as oxygen by the fact that a glowing splinter of 
wood, held at the mouth of the test-tub'*, bursts into liana*. 
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64. Commercial Oxygen. —Water may be decomposed by an 
electric current, into hydrogen and oxygon (§ 65). This is one of 
the methods by which oxygen is produced commercially, for oxy- 
hydrogen and oxy-acetylene welding (§ 59). 

A cheaper source of commercial oxygen is liquid air. 

Every on*' who has inflated tires with a hand-pump knows that air is heated 
when compressed. This is because mechanical energy, expended in'moving 
the piston of the pump, 
is converted into , heat, 
energy. Ciinversely, when 
a gas expands, driving a 
piston outward against 
the pressure of the atmos¬ 
phere, heat energy is con¬ 
verted into mechanical 
energy, and the. gas is 
cooled. This principle 
is applied in the Claude 
process for the manufac¬ 
ture of liquid air, out¬ 
lined in Fig. 20. 

Air is carefully freed 
from dust, moisture, and 
carbon dioxide, then com¬ 
pressed by powerful pumps. The heat liberated is removed by passing the 
compressed air through u cooling coil, surrounded by running water. Thus 
purified, compressed, and cooled, it passes through the inner tube E of a long 
metallic coil, into an engine cylinder, I), in which it expands—pressure falling 
from 40 atmospheres to 1 atmosphere. The mechanical energy produced in 
this way may be made to help compress new portions of air. 

The expanded air. now very much colder, passes around the outside of a 
set of tubes in the liqucficr, L, then out through the pipe, M, which surrounds 
the current of incoming air, in E. This is cooled, and in expanding in the 
engine cylinder is cooled still further. Thus the temperature of the incoming 
air falls lower and lower. Finally a part of it, passing through the branch, A', 
into the interior of the tubes in L, is condensed to liquid, and collects in C. 
Its temperature is about — 1 11)” C. 

Liquid air tints produced is approximately four-fifths nitrogen 
and onc-fifth oxygon. But if it is permitted to evaporate, the 
nitrogen, being the more volatile, passes olT first, leaving almost 
pure liquid oxyget*behind. The process described above may be 
so modified that the part of the air condensed is lsirgely oxygen; 
while that passing on is nearly pure nitrogen, which has a number 
of important commercial uses of its own (§ 282). 

66. Oxidation and Reduction. —Any process in which oxygen 
is inside to combine with a given substance is called oxidation. 



Fin. 20.—Principle of the Claude liquid air 
machine. 



62 


OXYGEN 


The substance that gains oxygen is said to be oxidized. We have 
seen that mercury is oxidized when heated for a long time in air 
(§ 47). The rusting of iron is oxidation. So is the burning of a 
combustible substance in the air, the turning of hard cider into 
vinegar, respiration (§325), the drying of paints (§52), certain 
modern methods for the disposal of sewage, and processes of de< ay 
in general—for in all of these the oxygen of the air is made to com¬ 
bine with other things. 

The converse process, in which a substance parts witl^ oxygen, 
is called reduction.* The substance thus de- 



Fig. 21/ —Burning 
sulfur in oxygen. 


prived of oxygen is said t o bo reduced. 

66. Combustion in Air or Pure Oxygen.— 
Rapid oxidation, accompanied by light, and 
resulting in a high temperature, is called 
burning, or combustion. Before a substance 
will burn it must be heated to a certain kind¬ 
ling temperature. The effect of friction on a 
match-head, or a flame at the tip of a cigar, 
or a spark in a mixture of air and gasoline 
vapor in the cylinder of an automobile engine, 
is to heat the combustible material up to the 
kindling temperature. Oxidation often takes 
place slowly even at room temperature. But 
it becomes more and more rapid as the tem¬ 
perature is raised, and at the kindling temper¬ 
ature heat is liberated fast, enough to counter¬ 
balance that lost by radiation and conduction. 
The temperature is thus maintained at the; 


kindling temperature, and the combustion continues so long as 


both air and fuel hold out. 


Many elements, such as sulfur (Fig. 21) and carbon, that, burn 
rather feebly in ordinary air, blaze up brilliantly and burn very 
rapidly in pure oxygen. Finely powdered iron wall burn in air 
if thrown into the flame of a gas burner. But ifon rods of consul - 
crable size can be made to burn in oxygen. 

Jt, is a very fortunate circumstance that the oxygen of the air 
is diluted with so much nitrogen. For in an atmosphere of pure 


* The words oxidation and reduction have other, much broader meanings, 
stated here after. 
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oxygen the grates of a furnace would not last long. Smokers 
would find little comfort in such a situation, for an ordinary 
cigar would flare up and disapj)ear in a few seconds. One may 
even doubt whether we could long exist with vital processes so 
much quickened as they would be in pure oxygen. As Priestley 
once expressed it: “ We would live out too fast.” 

67. Oxides. —The product formed when oxygon unites with 
another element is called an oxide. Sometimes oxides are gases: 

S+() 2 = S0 2 ; 

Sulfur 

dioxide 

C+0 2 = C0 2 . 

('urliiin 
dioxide 

Other oxides are solids: 

2Mg+()o = 2MgO; 

Magnesium 

oxide 

2Na-t~()j = Nao( )a; 

Sodium 

peroxide* 


4P+5()o = 2PoO.-,; 

Phosphorus 
pent oxide 


lFo + 2()o = Fe a 0.i. 

Magnetic 
iron oxide I 


Here again we may note that it is impossible to predict, by 
any process of algebra, what the formula of the product of a 
reaction will be. At first it is most important for the student 
to remember the names of substances produced in chemical 
reactions, and. what they look like. Skill in writing equations 
will come with practice. 

68. Metals and Non-metals. — 1. If a very small amount of 
water is added to a bottle in which magnesium or sodium has been 

* The name peroxide signifies, among other things, that the given element 
is here eomltilled with the greatest possible amount of oxygen’. 

f So culled to distinguish tt from other oxides of iron. 



64 


OXYGEN 


burned in oxygen, the oxide will unite with the water to form a 
solution that will turn red litmus blue. 

MgO+IIoO = Mg(OII) 2 ; 

MiiKiirmuiii 

hydroxide 

2Na 2 0 2 +2II 2 0 = 4Na0H+0 2 . 

Sodium 

hydroxide 

Such a solution is said to have a basic or alkalin e reaction. The 
metallic hydroxide that is formed is called a base. The element 
that was burned is then said to be a base-forming element, or 
an electro-positive element, or a metal. These three terms mean 
the same thing. 

2. But if a small amount of water is added to a bottle in which 
sulfur, carbon, or phosphorus has been burned, the oxide of that 
element will unite witli the water to form a solution that will 
turn blue litmus red. 

S() 2 +II 2 0 = ll 2 S() :{ ; 

Sulftirmis 

acid 

COa -f 11 2 0 = II 2 ("(h ; 

Carbonic 

acid 

P 2 O 3 H 2 O = 211 P( );i. 

Mrluphonphorir 
acid (5:n;n 


Such a solution is said to have an acid reaction. The substance 
that is formed is called an acid. The. element burned is said 
to be an acid-forming element or an electro-negative element, 
or a non-metal. These throe terms mean the same thing. 

To summarize: If the oxide of an element dissolves in water 
to form a solution turning red litmus blue (alkaline reaction) the 
element concerned is a metal; if the oxide dissolves to form a 
solution turning blue litmus red (acid reaction 1 ) the element is a 
non-metal 

But it must be emphasized that it is not always possible to 
determine whether an element is a metal or non-metal by this test. 

For its oxide may be insoluble in water, or may give a solution 
too feebly alkaline or acid U> affect litmus. Moreover, a number 
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of the elements art' variable in character. Aluminum, for exam¬ 
ple, is a veritable Joky 11 and Ilydo, behaving now as a metal and 
now as a non-metal. 

59. Uses of Oxygen. 1 . Oxygon is list'd in medicine for the 
relief of impeded respiration (e.g., pneumonia), and in the treat¬ 
ment of cast's of poisoning by nitric acid fumes, somewhat fre¬ 
quent among workmen engaged in manufact uring explosives. 

2. In producing aiuosthosia with nitrous oxide (§293), oxygen 
is usually; administered as well. 



Fin. 22.—Welding ;i cracked locomotive cylinder with oxy-acctylene blow¬ 
pipe. The two ga*es, led through separate tubes, mingle near the tip of the 

burner. 


3. Another application is in the oxy-acetylene or oxy-hydrogen 
blowpipe (Fig. 221 invented by Hubert JIare, one of America’s 
chemical pioneers. 

This instrument gives a much higher temperature than would be 
reached bv either acetylene or hydrogen burning in air, for the 
nitrogen of the ai$ dilutes and cools tho flame-gases. The oxy- 
hydrogen blowpipe is of importance in melting platinum and in the 
manufacture of fused silica wart' and artificial rubies— though for 
such purposes it has been in part replaced by special forms of 
the electric furnace. It remains of considerable service 4 , however, 
in tearing down the stool frameworks of obsolete or damaged build- 
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ings, in cutting manholes in steel plates, and for similar purposes. 
It has recently been so improved that it will burn under water, 
and is used in salvaging sunken vessels. 

The applications of oxygen are import,ant and are increasing 
day by day, in spite of its present high price— over $200 a ton. 
Some one has estimated that the industries consume at least,’ 
20,000,000 cubic meters or 30,000 tons of oxygen gas each year. 
But recent improvements in the commercial methods for the 
liquefaction of air (§ 54) should shortly enable oxygen and*nitrogen 
to be produced much more cheaply. We may then see oxygen 
transported in pipes, like water or illuminating gas, instead of in 
clumsy steel cylinders. It evolutionary changes may thus l>e pro¬ 
duced in many industries requiring high temperatures: the manu¬ 
facture of glass and fused silica; the reduction of iron and alu¬ 
minum from their ores; the manufacture of sulfuric acid and 
calcium carbide. Perhaps coal gas may again win favor as a 
source of illumination—for the efficiency of the common gas man¬ 
tle (§ 593) would be increased many fold if it were heated to a 
higher temperature than that now reached. But these art 1 all 
problems of the future. 

60. Ozone. —Ozone is a form of oxygen distinguished by its 
extraordinary chemical activity. Thus, metallic silver, which 
remains bright for years in ordinary oxygen, becomes covered with 
a brown film of an oxide of silver when exposed to air containing 
a trace of ozone. 

The peculiar pungent odor of ozone is often noticed in thunder 
storms, and around wireless transmission sots or other high- 
tension electrical apparatus. It is formed in nature whenever 
a lightning discharge passes through the air, and is constantly pro¬ 
duced in the upper regions of the atmosphere by the action of the 
ultraviolet light of the sun’s rays on ordinary oxygon. But ozone 
as such never lingers very long in the air, for it reacts with the 
water vapor which is always present., to form hydrogen peroxide, 

H 2 0 2 . 

In the laboratory, dry air may most easily be ozonized by 
passing it between two plates charged at a potential of several 
thousand volts from a source of alternating current. The silent 
electrical discharge that takes place between the plates is usually 
accompanied by a pale bluish light, rich in ultraviolet rays, and 
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the air leaving the apparatus is found to contain a per cent or 
so of ozone. 

When ozone oxidizes other substances, only a third of its oxygen 
is yielded up. This is taken to mean that a molecule of ozone 
contains three atoms, instead of the two characteristic of the 
ordinary form of oxygen—and that one of these three is able to 
part company with the other two, and attach itself to something 
else. Ozone is therefore represented by the formula O3; and its 
formation,from ordinary oxygen is given by the equation: 


3 O 2 —* 2 O 3 . 

Oxygon Ozone 


When the third atom of ozone, responsible for its activity as an 
oxidizing agent., has taken its departure, the other two appear as a 
molecule of ordinary oxygen. 

Small amounts of ozone in the atmosphere are best detected 
by the fact that it produces a deep blue color in paper that has 
l>oon dipped in a solution containing starch and potassium iodide. 
But this test is not an entirely conclusive one, for chlorine and a 
few other substances produce the same result. Ozone may be 
liquefied at very low temperatures to a deep blue liquid, which 
sometimes decomposes explosively. 

Ozonized air is sometimes used for sterilizing drinking water, 
and has the advantage over other chemical substances of leaving 
behind no product other than oxygen alter it has done its work. 

61 Graphical Summary. 
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EXEli CRISES 


1. Four jars contain, respectively, oxygen, air, carbon dioxide, and sulfur 
dioxide. Tell how you would identify each. 

2. If a liter of oxygen weighs 1.12!) g., how many liters can be prepared 
from 1 kg. of potassium chlorate (which contains 20.1!) per cent oxygen)? 

2. If a liter of oxygen weighs 1.12!) g., how many liters can be prepared 
by decomposing 100 ec. of water (§ 10) with an electric current''’ 5 

4. What are the chief present uses of oxygen? Some possible future uses? 

5. What is meant, by alkaline reaction, clcclm-neijalirc element , enzyme, the 
chemical com position of a substance? 

0. What is the distinction between a material and a snhslann Which is 
potassium chlorate? Air? 

7. A white powder is known to be either magnesium oxide or phosphorus 
pentoxide. What is a simple way to determine which it is? What fact docs 
this test, indicate concerning the elements magnesium and phosphorus? State 
the principle involved. 

S. Look up some biographical details concerning Scheele, l’riestley, and 
Lavoisier. 

!). What is meant by the statement, “ Light catalyzes the decomposition 
of hydrogen peroxide ”? Write an equation to represent this change, assum¬ 
ing the products to be oxygen and water. 

10. Write and balance an equation to express the change that takes place 
when metallic sodium is heated in the air (§ ol). 

11. What weight of sodium peroxide can be made from 10 g. of sodium? 

12. Write and balance an equation for the action of ozone on water. 



CHAPTER V 


HYDROGEN 


62. Occurrence.—Elementary hydrogen (i.e., hydrogen pres¬ 
ent as an element, in a free, or uncombined condition) is found in the 
gases escaping from petroleum and natural gas wells and certain 
volcanoes. Coal-gas (§&)()) and especially “water-gas” (pro¬ 
duced by action of steam on coal or coke, § 09) contains note¬ 
worthy amounts of hydrogen. Small amounts are often formed 
in fermentation and decay. 

Only 1 races of hydrogen occur in the lower levels of the earth’s 
atmosphere, though it appears to be an important constituent 
of the highly rarefied air that is found at heights of twenty miles 
or more. Enormous quantities an* found in the atmosphere of 
the sun; and during solar eclipses vast whirlpools of incandescent 
hydrogen may be observed, darting out. from the solar rim for 
thousands of miles. 

Hydrogen, in combination with other (‘lenients, is very abun¬ 
dant, though not nearly so much so as oxygen (§ 12). Water 
is one-ninth hydrogen. Combined with carbon, hydrogen is 
found in gasoline, lubricating oil, and other petroleum products. 
Combined with carbon and oxygen, it is contained in wood, paper, 
starch, and fats. Combined with carbon, oxygen, nitrogen and 
other elements, it forms a, largo part of almost all the constituents 
of our foods and the tissues of living plants and animals. All 
acids contain hydrogen, as do ammonia, alcohol, formaldehyde, 
perfumes and dyes, and many other products of chemical industry. 

63. Discovery of Hydrogen.- That an inflammable gas is 
produced when dilute acids act. upon certain metals was known to 
the alchemists, the predecessors of our modern chemists, at least 
four hundred years ago. But tin* first person to separate hydro¬ 
gen from other gases and recognize it as a separate substance was 
the English physicist., (’avendish, in 1700. lie obtained it not only 
from acids, but. by the action of steam on red-hot iron (§ 00). 

09 
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These experiments were repeated independently by Lavoisier, 
who named the new gas hydrogen (Greek, water-former), in 
recognition of the fact that water is formed when it combines with 
oxygen. 

64. Sources of Hydrogen. —Hydrogen is commonly prepared 
by the following methods: , 

1. From water. This is decomposed 

(a) By an electric current. 

(b) By certain metals, with or without the aid of heat. 

(c) By carbon at high temperatures. 

(d) By certain metals, and silicon, in the presence of solutions 
containing sodium hydroxide. 

2. From non-oxidizing acids, such as dilute hydrochloric and 
sulfuric acids, which react with certain metals. 

3. Mixed with large quantities of 
other gases, by the decomposition of 
wood, coal, and petroleum at high tem¬ 
peratures, in the absence of air. 

66 . Electrolysis of Water. —When¬ 
ever an electric current is passed 
through a solution, chemical change's 
occur, both at the place where the 
current enters and at the place where 
it. leaves. The process is calk'd elec¬ 
trolysis. The liquid which conducts 
the current, and in which the chemical 
change takes place, is called the 
electrolyte. If this is a solution, it is 
sometimes the dissolved substance and 
sometimes the water itself that is de¬ 
composed by the current. 

It happens that the chemical changes 
occurring in electrolysis take place only at the, surfaces of the two 
conductors that dip into the solution where the current enters 
and leaves. These are the electrodes. 

Figure 23 shows the apparatus commonly used in the electrolysis of water 
as a lecture experiment. The F-shaped tube contains water acidified with a 
little sulfuric at id, to make it conduct better. The electrodes arc platinum 
wires, sew led through the glass walls, near the bottom. When the current 



Fig. 23.—Electrolysis of 
water. 
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passes, hydrogen is liberated at the surface of one? electrode and oxygen at 
the other, displacing some of the dilute acid, which rises in the third vertical 
tube of the apparatus, and collects in the bulb at the top. 

The two products of the electrolysis appear separately at the 
surfaces of the two electrodes. Two volumes of hydrogen are 
produced for every one volume of oxygen. 

Hydrogen is often produced on a commercial scale by the electrolysis of 
water, using a sodium hydroxide solution, between electrodes of sheet iron. 
Figure 21 rf shows a large installation of this kind, producing hydrogen, to be 
used in hardening vegetable oils (§70). 



Fig. 24. —Commercial preparation of hydrogen and oxygen by electrolysis 
of water. This room contains 200 large cells. 

66 . Decomposition of Water by Metals.— Certain metals, 
such as sodium and potassium, doeoni|>osc cold water violently, 
liberating; hydrogen, and forming substances that dissolve to form 
alkaline solutions (§ 58). 


2Na+2Ilu() = 2NaOII+H 2 ; 

Sodium 
ll> dioxide. 

* 2K+2II L »0 = 2Iv011+Il2; 

Potassium 

hydroxide 


Other metals, such as magnesium or aluminum, decompose 
water, at an appreciable rate, only if they are firiely divided (or 
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alloyed with copper or tin). Even then the water needs to be; 
heated, if the reaction is to be very rapid: 

Mg+2IIj() = MglOIIhj-l-IIa; 

MmHIICMIIII 
lii ill iixtdc 

2Al+()Ilj() — 2A1(( )11) :j —f- ■ > 1 I 2 . 

Aliiiiiiniiiii 

ilj ill DXIlll- 

In the case of iron, a si ill higher temperature is Accessary. 
The metal is commonly healed to redness, and the water passed 
over it in the form of superheated steam. 



The apparatus shown in the diagram is the one commonly used 
on a small scale in the laboratory. Steam is produced by boiling 
water in the flask, A, and is passed through a horizontal, iron 
tube, B, containing iron filings heated to redness The products 
are hydrogen gas, which is carried away by the si earn as fast as 
formed, and a black powder, magnetic iron oxide , Fe :{ ()t, that 
remains behind in the tube: f 

:{Fo+411 2 0-> Fc a <).,+Ill* 


The reaction has sometimes been used for preparing hydrogen 
for commercial purposes. In a recent, modification (Bergius 
process) liquid water is list'd at about .‘100° f'., it being possible to 
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roach this temperature without having the water boil, if the latter 
is retained under sufficient pressure (§ X(>). 

67. Reversible Reactions Remain Incomplete.— In the reac¬ 
tion just described wo heated iron filings in a current of steam, 
producing magnetic iron oxide and hydrogen. But it is easy to 
see that this procedure employs much more steam than is really 
necessary to oxidize all of the iron filings. This is expressed by' 
saying that, we used an excess of steam. 

As the steam passes over the iron the 'hemical change begins, 
and continues until all of the iron is oxidized. A reaction is said 
to have become complete when it has proceeded until one or 
both the reacting substances have been entirely transformed. 


I'nder other circumstances this same reaction never becomes 
complete. For example, if water and iron tilings are heated 
together in a closed bomb, rather than in an open tube, the two 
react to produce* a certain amount of iron oxide and hydrogen. 
But this hydrogen, instead of being swept away by a continuous 
current of steam, remains in contact with the other product, iron 
oxide; and at once* begins to rob the latter of its oxygen, giving 
back water and iron. 


FeaOi+lIL* 3Fo-HII 2 0. 

This reaction is just, the reverse of the one by which hydrogen 
is formed, and of course keeps this from becoming complete, no 
matter how long the heating is continued. 

Reactions are always incomplete under experimental condi¬ 
tions that render them reversible. Such incomplete reactions 
are formulated with a double arrow: 

3Fe+niA)^Fe 3 ()i+41Io. 


We shall meet many examples in what follows. 

Such a condition of balance between two opposing forces or 
processes is calk'd equilibrium. A reversible reaction represents 
a case of chemical equilibrium. 

68 . Conditions under Which Reactions are Complete.—It is 

evident that a reaction, to be complete, must usually be carried 
out under conditions such that the products of the reaction are 



74 


HYDROGEN 


separated, before they have a chance to act upon each other, to 
give back the original reactants. 

This happens: 

(1) If one of the products of the reaction happens to be a gas 
that is permitted to escape as fast as formed. This was the ease 
in the preparation of hydrogen and oxygen by all tin* methods that 
have been described above: 


2KC10;j = 2KCl+30i! f . 


The arrow pointing upward directs attention to Ihe ('scape of 
a gas. 

(2) If one of the products of the reaction happens to be 
insoluble in the solvent used. In this cast* it will separate*, -and 
settle to the bottom or float to the to]), practically out. of contact 
with the other reaction products. The reverse reaction is thereby 
prevented. 

Thus, when dilute sulfuric acid is added to a solution of barium 
chloride, BaCh, a white cloud, consisting of very fine crystals 
of barium sulfate, BaSO.i, is immediately formed. After a time 
this settles out, leaving above* it a clear solution of hydrochloric 
acid, containing an excess of one of the original reactants. 


BaCl 2 +H;>SO.i = BaSO.i J. + 211(1 


The arrow pointing downward directs attention to the formation 
and separation of an insoluble solid substance. Such a substance, 
produced as a result of a chemical reaction, is called a precipitate. 

69. Water Gas. —When steam is passed through a bed of white- 
hot coke or anthracite coal, it is reduced to hydrogen, and the 
carbon of the coke or coal is oxidized to carbon monoxide: 

H 2 0-f C = Il2 | +d>T- 

('arlion 

monoxide q 

The mixture of the two gases, hydrogen and carbon monoxide, is 
called water-gas. It is a very important industrial fuel, and 
within recent years has become the chief commercial source of 
hydrogen, for the carbon monoxide may be oxidized to carbon 
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dioxido by steam in the presence of an oxide of nickel or iron to 
serve as a catalytic agent: 


00+1120 = CO 2 +II 2 . 


The carbon dioxide thus produced is readily removed, by being 
dissolved, under pressure, in water. Nearly pure hydrogen then 
remains. 

70. Action of . Metals (and Silicon) on Water, in Presence of 
Sodium* Hydroxide. —Zinc, aluminum, silicon, and a number of 
other elements react vigorously with a warm solution of sodium 
hydroxide, liberating hydrogen. Since much more hydrogen can 
be obtained than is present, in the sodium hydroxide, the hydrogen 
is evidently derived chiefly from the water. The sodium hydrox¬ 
ide* merely supplies the conditions under which the reaction takes 
place* with reasonable* speed. 


Zn+2H 2 f) = Zii(()H) 2 +H 2 | ; 

Zino 

hydroxide 

Si+ 4IluO = Si(<)II),-+ 2112 t * 

SlllfOIl 

Iij droxidi** 


Tin* IJniteel States Army anel Navy use poweleml ferrosilicon (an 
alloy of iron anel silicem), anel a warm 20 per cent solution of 
sodium hydroxide. The* apparatus is often mounted on an auto- 
mobile truck, forming a portable outfit for filling observation 
balloons. 


How many mole's of wate*r are* needed to meet with each gram-atom of 
silicon? What weight of water is this? What weight of silicon? What 
weight of zinc is needed to liberate the same amount e>f hydrogen as 28 g. of 
silicon? 


71. Action of Metals on Acids. —When zinc is plaeeel in dilute 
sulfuric acid, it reacts very rapidly, liberating hydrogen gas. The 
reaction becomes complete (among other reasons) because the 
hydrogen is permitted to escape as fast as formed. The other 
product of the reaction is not immediately visible, since it remains 
dissolved in live water that is present. But if the solution is 

* Otherwise called hydrated silica, or silicic acid. 
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heated, to evaporate the water, we obtain a white powder, zinc 
sulfate, Z 11 SO 4 . 

Zn+]I 2 S(>4 = ZnS0 4 +Il2 t • 


In the laboratory, hydrogen is usually prepared l»y the action of sulfuric 
acid on zinc in a Kipp gnurulor (Fiji. 2ft). The funnel, F, fits tightly af A 

and loosely at B. Acid added through tin* funnel 
rises in the bottom compartment., and comes in cn 1 - 
taet with zinc in the middle compartment. But 
when the current of hydrogen thus generated is cut 
off by turning the stop-cock, the pressure within 
forces the acid down into the lower compart ft lent, the 
excess flowing back into the funnel. Th< chemical 
action then stops. 

Many other metals react with acids, 
liberating hydrogen: 



Mg+II 2 S(), = MgS(), + Uo f . 


Millatc 


Fig. 2ft.—Kipp gen¬ 
erator. 


Ca+2Iir,H :{ (),. = ( a(rdI ;{ OA>+II,. T 

Acetic ai'K 1 Cult 111111 acetate 

TY+21K '\ = Fe( M 2 +ll 2 t 


Ilyiliuclilmic 

acid 


1 i rrnus 
(Idol ide 


In such cases we speak of the metal its ihxplucing hydrogen 
from the acid. The other product (zinc sulfate, calcium acetate, 
ferrous chloride, etc.), which is formed when a metal displaces a. 
part or all of the hydrogen of an acid, is called a salt. Each salt is 
named from the acid from which it is thus derived. 


Sulfates are salts of sulfuric acid; 
Acetates art* salts of acetic acid; 
Nitrates art 1 salts of nitric acid; 
Phosphates art* salts of phosphoric acid; 
Chlorides are salts of hydrochloric acid. 


A salt often contains one or more groups of atoms, originally 
present, in the acid, and remaining unaffected when the hydrogen 
of tilt, acid is displaced by a metal. We call these non-metallic 
radicals, or electronegative radicals. Important noil-metallic 
radical are: 


Suifalt 


radical, SOj, contained in sulfuric acid anti all sulfates. 
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Acetate radical, 0 2 II 3 O 2 , contained in acetic acid and all 
acetates. 

Nitrate radical, NO;*, contained in nitric acid and all nitrates. 
Phosphate radical, PO.i, contained in phosphoric acid and all 
phosphates. 

Hydroxyl radical, Oil, contained in water, liOH, and all 

hydroxides. 

%/ 


Note that radicals are not substances, having separate exist¬ 
ence in themselves, but are merely parts of molecules. If a mole¬ 
cule contains more than one radical of a given kind, parentheses 
are used, as in Cn(' ' 211302 ) 2 , which contains two acetate radicals. 

Draw up a. table in two columns, the first giving formulas of the acids 
named above, llie second, formulas of salts derived from the acids by replacing 
each hydrogen atom by a sodium atom. Point out. the radical in each case, 
by underlining. 

\\ rite formulas of mercuric nitrate ft wo nitrate radicals), chromic acetate 
(three acetate radicals), lerrie hydroxide (three hydroxyl radicals). To what 
class ol substances does the last-named compound belong? 

§§ 101, lbs may be introduced here, if desired. 

72. The Electrochemical Series. —Not all metals react with all 
acids; and when they do, the product is not always hydrogen. A 

pract ical guide is to he found in the Electro¬ 
chemical Series, which is a list of metals 
arranged in the order of decreasing chemical 
activity. Each given metal is more active 
than those below it., by which we mean that 
it will react more rapidly or more readily with 
water or dilute acids. Thus, magnesium is 
more active than aluminum, and the latter 
more act ive than zinc. 

1. Metals near the top of the series (K, 
Na, ('a) are so active that they readily displace 
hydrogen from water, even at room tempera¬ 
ture. Those? somewhat lower down (Mg, Al, 
Ptf •Z 11 ) still do so with reasonable rapidity when 
pj* the* water is heated, or in the presence of 

Au sodium hydroxide. Those still lower down 

(he, Sn) act. on steam but require tempera¬ 
tures near a red heat. Those* below hyelre>ge*n (Cu, llg, Ag, Pt) 
do not decompose water appreciably, at any temperature. 


Potassium 

Sodium 

Calcium 

Magnesium 

Aluminum 

Manganese 

Zinc 

Chromium 

Iron 

Nickel 

Tin 

Lead 

HYDROGEN 

Copper 

Bismuth 

Antimony 

Mereuiry 

Silver 

Platinum 

Cold 


K 

Na 

Ca 

Mg 

Al 

A In 

Zn 

Cr 

Fe 

Ni 

Sn 

Pb 

II 

Cu 

Bi 

Sb 
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2. Metals displace hydrogen from acids much more readily 
than they do from water. Those near the top of the series react 
with acids with dangerous violence. It would be hazardous to 
place metallic sodium or potassium in most acids. As we descend 
in the series, the violence of the action decreases, and the elements 
below hydrogen do not displace hydrogen, even from the most 
active acids. 

3. Concentrated .sulfuric acid, and either dilute or concen- 
centrated nitric acid are classified as oxidizing acids ; These 
react readily with most, metals, even with those below hydrogen in 
the electrochemical series; but the reaction produces other gases 
than hydrogen.* Thus, copper dissolves in dilute nitric acid to 
produce nitric oxide gas (NO); and silver dissolves in hot, con¬ 
centrated sulfuric acid to produce sulfur dioxide gas (SO 2 ). Of nor 
products, in each case, are water and a salt. 

In which of the following oases will the metal probably react,, and in which 
of these will hydrogen probably be liberated? 

Tin and hydrochloric acid. Iron and acetic acid. 

Copper and dilute* sulfuric acid. Copper and concentrated sulfuric acid. 

Silver and phosphoric acid. Silver and dilute nitric acid. 

Manganese and concentrated nitric Magnesium and hydrochloric acid, 
acid. 

Which of the preceding reactions will probably be the most vigorous, under 
like conditions? 

73. Physical Properties of Hydrogen. —The most striking 
physical property of hydrogen is its extreme lightness. It is not 
much more than a fifteenth as heavy as air, and only a sixteenth 
as heavy as oxygen. It dissolves very slightly in water, and can 
be liquefied only at very low temperatures, best in connection 
with very high pressures ( — 253° ('., at 20 atmospheres). 

Hydrogen is absorbed very rapidly, and in enormous quanti¬ 
ties, by finely divided platinum or palladium. One volume of 
palladium will absorb as much as 500 volumes of hydrogen. The 
absorbed hydrogen is in a very active condition, and is at once 
oxidized to water, if exposed to air or oxygen. * 

74. Direct Union of Hydrogen with Oxygen. Law of Gay- 
Lussac. —Chemically, hydrogen is distinguished by the fact that 
it combines with oxygen to form water. 

•Very dilute nitric acid, with some of the most active metals (Mg) gives 
considerable hydrogen, and other gaseous products. 
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Hydrogen generated by the action of zinc on dilute sulfuric acid in a flask 
or Kipp generator (§71) is first freed from water by being passed through a 
horizontal tube (Fig. 27) filled with granular calcium chloride, a substance 
remarkable for its ability to absorb water. After the air originally present in 



the flask has been displaced by the escaping hydrogen, the jet may be lit 
The flame is commonly yellowish, from sodium contained in the glass tip, but 
with a metal tip is practically colorless. If the flame is covered with a bell-jar 
moisture collects on this, and soon trickles off as visible drops of water. 

Not only (loon hydrogen burn in oxygon, but oxygon in hydro- 
gon. 

This is shown in Fig. 2K, in which a cylinder of hydrogen has been ignited, 
and a tiny jet of oxygen, from a cylinder of that gas, thrust up into it. Below 
we have hydrogen burning in air, and above that a 
jet of oxygen, burning in hydrogen. In buth cases the 
product is water. If the upper jet goes out the current 
of oxygen must instantly be cut off. Why/ 

Hydrogen nnd Oxygon combine to form 
wilier in the proportions in which they are 
produced from water by electrolysis (§65): 
exactly * two volumes of hydrogen to one 
volume of oxygen. If the water vajxtr that is 
produced is measured under the same con¬ 
ditions, it will occupy the same volume as the 
hydrogen did (tw® volumes). 

We have here an illustration of the Law 
of Gay-Lussac: The volume of all gases 

* Rome departure from an exact ratio can be detected in very accurate 
experiments; but this no longer happens if correction is .made for the fact 
that neither of the two gases obeys the Laws of Charles and Boyle exactly 
(§ 20 ). 
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transformed or produc'd in any given chemical reaction are 
simply related to each other. (“ Simply related ” means bearing 
to each oth(*r a ratio of small whole numbers; such as 1:2; or 
3 : 4; or i> : 7.) 

•Further illustrations of this law art' as follows: 

1 volume of hy¬ 


drogen 


J 


rends with 


I 1 volume of 
i chlorine 


to form [ 2 volumes of hy- 
diogen chlor- 


1 volume of ni- \ 


trogen 


i 


relicts with | )’> volumes of 
i hydrogen i 


to form | 2 volumes of 
l iiiiiiiioni:i 


2 volumes of cur- 1 
bon monoxide J 


react with ,1 volume of t() f(irm , L » vo i„, n( . s „f ar- 
oN\gin j | |ton dioxide 


2 volumes of 
licet vlcne 


react with ; o volumes of , ^ f orm 
i oxygen j 


1 volumes of 
earl ion diox¬ 
ide and 2 vol¬ 
umes of water 
vapor 


Note that the total volume occupied by the mixture of gases 
sometimes changes as a result of tin 1 reaction, anil sometimes 
does not. The important fact is that there are simple ratios 
between the volumes of all the reactants and resultants that hap¬ 
pen to be gases. The law does not apply to liquids or solids. 

Ttv what fraction of id original volume does each of the above mixtures 
expand or emit met, as a result ol the chemical reaction? 


The Law of flay-Lussae is a necessary consequence of the 
Principle of Avogadro (§ 22). For only whole numbers of mole¬ 
cules are concerned in chemical reactions; and in every case some 
amall whole number of molecules of one kind reads with some 
mnall whole number of another kind. Then, since equal numbers 
of molecules of all gases occupy equal volumes, the minifies must, 
be in the stunt' ratios as I lit* molecules a ratio of small whole 
numbers. 


What number of molecules of cadi of the other gases is transformed or 
produod li o molecules of nitrogen are combined with hydrogen? 

Hov many moles of oxygen are needed to burn one mole of acetylene, to 
form carbon dioxide and wider vapor. 
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76. Hydrogen a Reducing Agent.- Road § 55. Substances, 
like ozone and sodium peroxide, that readily oxidize other sub¬ 
stances, are called oxidizing agents. Hydrogen has exactly the 
contrary properly: it will abstract oxygen from many substances 
containing it. This is reduction (§5.")), and hydrogen is accord¬ 
ingly a reducing agent. 

A copper crucible, hcutcd in the :iir, becomes covered with ii black coating 
of copper oxide. Cut) Hut on exposing it ltv a current of hydrogen (Pig, 
while it. is«still hot, the color of copper reappears: 


C'uO-f JI. = ('u+II,(). 


76. Uses of Hydrogen.— Hydrogen is used: 

1. Tn tht' oxy-hydrogen blowpipe (welding and cutting metals, 

S-W). 

2. In hardening animal and vegetable fats and oils. Such sub- 
st uncos as whale oil, cottonseed oil, and eoeoanut oil, if heated in 
contact with a catalyzer of finely divided 
nickel, readily absorb hydrogen gas, uniting 
with it chemically to form a solid fat. 

Soap is often made from such hardened 
material. Various brands of oleomargarine 
and certain familiar lard substitutes contain 
considerable amounts of hydrogenated cot¬ 
tonseed oil and eoeoanut oil. At present., 
many hundred thousand tons of oils arc 
thus hydrogenated every year, to produce 
solid fats. 

3. In preparing ammonia, (§281). Ni¬ 
trogen and hydrogen are made to combine 
directly to form ammonia, under the in¬ 
fluence of finelv dividre platinum, which * u: - 20. —Reducing 

copper oxide in a cur- 

serves as a catalyzer. rent of hydrogen. 

-1. Very recently, carbon monoxide' and 
hydrogen have' bevn maele* to combine' elire'ctly, in the* presente*e of 
eeTtain eratalyzers, to fe>rm methyl ale*ohe»l e>r methanol, CH3OII. 
This is an important seilvent fe»r varnishe's anel lacepiers, anel 
may eventually compete; with gasoline as a fuel for auto¬ 
mobiles. 
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5. In filling dirigible balloons. Helium, condensed from Texas 
and Oklahoma natural gas by liquid air machines, has the advan¬ 
tage of being non-inflammable, but has not quite the buoyant 
effect, of hydrogen, and there is difficulty in getting enough of it. 

77. Graphical Summary. 
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EXERCISES 

1. Formulate several reaction.*, between nielals and water. Name and 
describe the product in each case. 

2. I’lider what circumstance* does a reaction usiialb become complete, 
and under what circumstances doe* it remain incomplete? Illustrate. 

,‘i. Describe and sketch an apparatus by means of which it should be pos¬ 
sible to reduce magnetic iron oxide completely to metallic iron, by means of 
hydrogen. Formulate the reaction. 

4. Formulate the reaction that takes place when magnesium dissolves in 
an excess of acetic acid. What liro dissolved substances are contained in a 
solution thus prepared? 

fj. Summarize the principal methods for preparing hvdrogen, with a 
formulation to illustrate each. Name the substance, other than hydrogen, pro¬ 
duced in each case. 

0. Fndcr what conditions will metals usually read with acids, liberating 
hydrogen? c 

7. If a reaction takes place in any of the following eases, state what sub¬ 
stances are lormed; if no reaction takes place, state why: 

(a) Sodium on water. (c) Zinc on phosphoric acid. 

V>) Iron op steam. (f) ('upper on nitric acid. 

(r) Copper on deaui. (</) Silver on hot concentrated sulfuric 

(d) Copper on dilute acetic acid. acid 
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8. In a plant for hydrogenating vegetable oils (§ 70) a certain oil is found 
to absorb 2 per cent, of its weight of hydrogen. What weight of water must be 
electrolyzed to furnish hydrogen for a ton of oil? 

{). With the aid of the text, checked by the dictionary, draw up formal 
definitions for the following: Electrolysis, electrolyte, electrode, excess,equi¬ 
librium, precipitate, salt., radical. 

10. Explain the connection between Avogadro’s Principle and the Law of 
Gay-Lussac. 

11. When iodine vapor. L (violet) is heated with hydrogen in a closed tube, 
a certain amount of hydriodie acid. Ill (colorless) is formed. But the violet 
color never disappears entirely, no matter how long the tube is heated. Explain. 
Formulate the reaction in accordance 1 with \our explanation. 

12. Write and balance an equation lor the synthesis of methyl alcohol 
from carbon monoxide and hydrogen. What volume of carbon monoxide is 
needed for each cubic meter ol hydrogen? What law does this illustrate? 
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WATER AND HYDROGEN PEROXIDE 

78. Occurrence of Water - Water covers thme-fourtlis of the 
earth’s surface to an average depth of three miles. The atmos¬ 
phere contains enormous quantities as water vapor— often as much 
as f>0,()()0 tons in the air over a square mile of the earth’s surface, 
at summer temperatures. All our food contains water, from 
about GO per cent in lean meat to as much as OA per cent in watery 
fruits. Even the solid rocks of the earth’s crust hold water in 
chemical combination with different mineral substances- so much 
of it indeed that most of the land areas of the earth would be sub¬ 
merged if it were suddenly returned to the ocean. 

Water owes much of its importance in chemistry to the fact 
that it is so often used as a solvent to dissolve other things; for 
many chemical reactions take place most readily when the sub¬ 
stances concerned are first, dissolved in water and the solutions 
mixed (§ 212). 

79. Hydrates. - A crystal of copper sulfate, though apparently 
dry, is actually more 4 than one-third water, in chemical combina¬ 
tion with copper, sulfur, and oxygen. If the crystal is heated in a 
test-tube, this water is driven off in part and condenses as visible 
moisture in the upper part of the tube. 

Crystals containing such chemically combined water of crys¬ 
tallization, better called water of hydration, are known as hydrates. 
An interesting fact is that every hydrate contains an invariable 
percentage of water of hydration, and hence may be represented 
by a definite chemical formula. The blue crystals of copper sul¬ 
fate hydrate, for example, have the formula CuS<h-fdljO.* 
When these are gently heated, they erumble, lose water, and form 


* Tilt period is read “ point,” riot “ times " It is used to direc t attention 
to the fuel that the water of Ipdration may hi* driven oil by heat, often leaving 
the rest of the rpo'eeule unaltered. 

81 
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a nnnrly white powder, anhydrous copper sulfate, C 11 SO 4 . (An 
anhydrous salt is one containing no water of hydration.) 

We have noted that many of the minerals of tilt; earth’s crust 
contain considerable quantities of water of hydration. The 
process of hydration is still going on, and in the very distant future 
may appreciably diminish the volume of the ocean. 

80. Efflorescence and Deliquescence.— (Review § 29.) If a‘ 
crystal of a hydrate is introduced into the evacuated space above 
the mercury column, at the top of a barometer, it will yield up a 
little water vapor. This will depress the level of the mercury, by 
an amount which is constant for each kind of crystal, at any given 
temperature. This result shows that the water of hydration in 
each crystal possesses a definite vapor pressure, which measures 
its tendency to escape from combination with the salt. 

Now, it. sometimes happens that this vapor pressure of the 
water of hydration in a crystal is greater than the vapor pressure 
of the moisture' in the air in which the crystal is placed. In this 
case, the crystal gradually yields up water to the atmosphere, and 
finally crumbles to an anhydrous powder. Such crystals are said 
to be efflorescent. Sodium sulfate hydrate, NasSO-r IOII 2 O, 
effloresces in ordinary air. 

In other instances, the vapor pressure of the water of hydra¬ 
tion is less than that of the moisture in the surrounding atmosphere. 
In this case the crystal gains moisture from the air, and finally 
dissolves in if, to form a solution. Such crystals are said to be 
deliquescent. Thus, table salt commonly grows moist in damp 
weather, owing to the presence in it of small amounts of deli¬ 
quescent impurities. Anhydrous calcium chloride, C’aCk, is so 
very deliquescent, that it, is often used for drying gases, and for 
set,fling dust, on roads. It must be understood, however, that 
whether a hydrate will effloresce or deliquesce depends not only 
on the vapor pressure of its water of hydration, but also on the 
humidify of the atmosphere. In perfectly dry air, all hydrates 
effloresce. In fiflly saturated air, all substances of measurable 
solubility deliquesce. 

81. Common Impurities in Water.— Water dissolves a part of 
nearly everything it meets. Well water or river water commonly 
contains salts of calcium, magnesium, iron, potassium, and 
sodium, together with organic matter from decaying leaves and 
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twigs, small amounts of ammonia, and gust's from flip atmos¬ 
phere*. In addition, tho water may (*arrv such suspended impuri¬ 
ties as fine play and sand, fragments of vegetation, and micro- 
scopip organisms of all sorts, including bacteria. 

Calcium and magnesium salts are said to make water hard. 
By this we mean that they react chemically with soap, altering ’ 
it into substances insoluble in water ($459). Hard water thus 
requires more soap to produce a lather. It is objectionable in 
steam boilers because the calcium and magnesium salts often 
separate when tin* water is heated, forming a scale, which coats 
over the walls of the boiler-tubes, and prevents heat, from being 
transmitted to the water that surrounds them. The result is a 
great waste of fuel, and sometimes an explosion. Iron sails in 
water give it an objectionable taste, and cause spots of rust to 
appear on clothing during laundering. The methods of treating 
industrial water to free it from such impurities are discussed here¬ 
after (§§400. ■102). 

82. Water for Domestic Use. —Public health is largely depend¬ 
ent on supplies of water of proper quality for domestic use. Nat¬ 
ural waters but rarely contain mineral substances of a kind or 
quantity to be injurious to health; it is disease-producing micro¬ 
organisms that are to be tea red. Typhoid and cholera have been 
proved very definitely to be chiefly caused by infected water sup¬ 
plies. 

In this respect tho cities of the Middle Ages were in a deplor¬ 
able condition, and it is no wonder that, pestilences carried off 
whole populations. Kvon in modern times, conditions have been 
far from satisfactory; and until very reconi ly most modern cities 
have had supplies of domestic water far inferior to that of ancient 
Home or the' principal Homan colonies. Unfortunately, water 
that is clear, cool, and sparkling is often highly contaminated. 
It may be clear, if it has filtered through a little soil; cool, if it. has 
riot penetrated the earth to great depths; sparkling, and of pleasant 
taste, if it is charged with carbon dioxide gas. In spite* of all this, 
it may contain millions of bacteria per cubic, centimeter. Under 
modern conditions, in most parts of the world, every surface well 
should hr* regarded as subject to contamination. Infection will 
percolate through the soil for hundreds of feet , in some instance's, 
from a cess-pool e>r e»the*r source*. Yen even to-day, in many 
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country districts and a few towns, unprotected surface wells fur¬ 
nish most of the domestic supply. 

Water from artesian wells, properly cased to prevent surface 
water from getting into them, is practically wife. The only safe 
substitute is water that has boon treated to destroy disease germs. 
So well have modern methods been developed, under the control 
of the chemist and bacteriologist, that it. would be possible to> 
prepare a perfectly safe and potable drinking water from sewage. 
If tin 1 water supply is very turbid, it is commonly treated with 



Firi. :»().—A filter bod at. Ashland. Wis. The brick archways support a 
vaulted roof, covered with earth, to prevent freezing and discourage the 
growt.li o! aquatic plants. The filter bed then' shown without its covering 
of water) is of fine sand, about, three feet deep. Beneath this is a layer of 
gravel, and tile drams to carry away the filtered water. Ingenious devices 
have been invented In remove, wash, and replace the upper portion of the 
sand layer, when it has become clogged with muddy material. 


small amounts of calcium hydroxide (slaked lime) and alum or 
aluminum sulfate. Those interact to form sticky particles of 
aluminum hydroxide, to which the clay and sand tend to cling, 
forming larger Hocks, which settle readily. 

After settling, the partially clarified water is filtered through a 
bod of fine sand fFig. 30). This removes most of the remaining 
sediment; and presently the grains of sand become covered with a 
jelly-like coating of harmless bacteria (zobgloea), which entangles 
and retains most of the disease-producing bacteria. In addition, 
if tlu; filtering is intermittent, or carried out in the presence of a 
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reasonable supply of air, other beneficent bacteria oxidize and 
destroy objectionable organic matter. 

To destroy the remaining bacteria, the filtered water is next 
treated with a very small amount of chlorine gas (metered from a 
cylinder of liquid chlorine). It may then be sprayed into the air 
to oxidize and remove objectionable odors and give it a pleasant 
taste. In Europe 1 , ozone 1 is frequently list'd instead of chlorine; 
and ultraviolet light, in small installations, has been found to 
possess sufficient germicidal eflcct, 



83. Distillation. —Water that, is te» be used in the 1 cht'inical 
laboratory or for certain inelustrial purposes must first be purifit'd 
by distillation, which relatives meist of elissolvoel impurities. We 
have already noted, howewer, (§ 10) that certain volatile 1 impuri¬ 
ties (such as ammonia gas and c.arbem dioxiele g£s) pass tive'r with 
the distillate. If it is tlt'sirt'el to remeive* these, the elistilled water 
is treaited with an oxidizing agent (such as potassium perman¬ 
ganate;) to elejstroy the ammonia, and is then redistilled, under 
such conditions as will prevent earbon elieixitle 1 gas from entering 
frenn the air. In such cases, the innei tube* of the condenser 
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(Fig. 31) is commonly of tin, silica (§ 395), or at least, hard glass, 
since ordinary soft, glass dissolves appreciably in water. 

Though distillation is most easily employed to separate a 
volatile liquid from non-volatile impurities, still, two liquids, both 
of which are volatile, may sometimes be separated, almost or quite 
completely, by repeated distillation. In such eases the vapors 
first passing through the condenser (i.e., the first portions of the 
distillate) contain more of the more volatile constituent than the 
original mixture. By thus separating the material into two or 
mor* 1 fractions, and redistilling those, practically complete sepa¬ 
ration can often be effected. This is fractional distillation. 

84. Water Has Its Greatest Density at 4° C. A number of 
the purely physical properties of water, such as ils density, freezing 
point, and boiling point, are of such importance in chemical work 
as to deserve mention here. Water has its greatest density at 
4° (\; and on either heating or cooling from this temperature, 
expands slightly. This is the reason why 1° (\ was specified in 
our definition of the milliliter (§ 33). 

85. Freezing and Melting. — If a test-tube of water containing 
a thermometer is placed in a mixture of salt and crushed ice, and 
the wafer slowly stirred, tin' temperature will fall regularly, and 
may even descend several degrees below zero. But if the experi¬ 
ment, is carried out with certain necessary precautions it will be 
noticed that when freezing finally sets in the temperature at once 
begins to rise. This fact proves that, freezing liberates heat. 
When the temperature has come back to 0° (L, no further rise 
takes place. 

This interesting behavior is 
shown very clearly in the freezing 
curve in the annexed sketch: First, 
a fall (AH) during five minute's’ 
time, from 10° ('. to — 5° (\; 
then a rapid rise (BC), during 
half a minute', 1*> 0° ('.; them 
constant temperature (CD) elur- 
ing the progress of the freezing, 

for ten minute's more; anel finally another drop in temperature 
( ])E) after the thermometer bulb has become surrounded with a 
solid cake of ice. 
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Tlu* initial descent below 0° C. is known as supercooling. It is 
favored by using water that is five from dust or dissolved air, but 
may be overcome by violent stirring or by the introduction of a 
small crystal of ice from without. No similar delay is observed 
when ice is heated: The temperature rises to 0° (\; then melting 
begins promptly, heat being absorbed as fast, as it, arrives from the 
outside source; finally, when the ice is all melted, the temperature 
mounts once more. 

These experiments prove that zero degrees Centigrade is the 
only temperature at which ice and liquid water can remain in 
contact with each other indefinitely, at atmospheric pressure. 
This is accordingly the freezing point of water. (The freezing 
point of any substance is the temperature at which the liquid 
and solid forms of flit' substance may remain indefinitely in equi¬ 
librium with each other, under standard atmospheric pressure.) 

Though pure water begins to freeze at 0° (\, if supercooling is 
prevented, the addition of any other substance to water always 
lowers its freezing point. Thus, sea-water begins to freeze several 
degree's below zero. The melting point of ice in contact with pure 
water is the same as the freezing point of pure water. 

86. Boiling. —Tin* vapor pressure of water increases rapidly 
as its temperature increases, in the end, if the water is in an open 
vessel, the vapor pressure becomes (‘(pud to the external pressure 
due to the weight of the atmosphere (15 lbs. per sq. in. — 7(i cm. of 
mercury). Evaporation, from this moment on, instead of pro¬ 
ceeding quietly from the surface of the liquid, may take place in its 
interior. Bubbles of vapor thus formed within the body of the 
liquid rise rapidly to its surface, and we say that the liquid boils. 

The boiling point of any liquid is the temperature at which its 
vapor pressure becomes equal to the external pressure. 

If the external pressure is reduced by an ail pump, or by trans¬ 
porting the liquid to the top of a high mountain, tin' boiling point 
is correspondingly lowered. Unless otherwise specified, the 
boiling point of a liquid is assumed to be uiyier the standard 
pressure of 760 mm. 

The fact that, water boils at a lower temperature in a partial 
vacuum than it does under atmospheric pressure, is put into prac¬ 
tical use in the evaporation of milk, sugar, syrup, and other solu¬ 
tions. Such liquids would be injured if heated to the temperature 
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needed to boil thorn at ordinary atmospheric prossuro, but may be 
ooncentratod or evaporated entirely to dryness in a partial vacuum 
(Fig. 33). With a prossuro oookor, or autoclave, on tho other hand, 
the boiling point of a liquid may bo raised. This principle is 
applied in preparing glucose syrup from starch and in many other 
industries. 

87. Critical Temperature. —Though water heated in a closed 
vessel cannot boil, more and more of the liquid does evaporate 
into the closed space as the temperature is raised. Thus the vapor 



Fra. 33—A battery of vacuum-pans in a beet sugar factory. 


gradually becomes more and more dense, while tho ink raporated 
liquid expands and becomes loss and less dense.. 

Finally, al a temperature of 3(Wi n liquid and vapor actually 
acquire the same density. At this moment they can mix with 
each other, and tho surface dividing liquid from vapor suddenly 
disappears! The temperature at which this happens is called the 
critical temperature. It is the highest temperature at which a 
liquid can retain a definite bounding surface, separating it from its 
own vapor. But whether water above its critical temperature 
should be considered as a liquid of very low density, or as a vapor of 
exceedingly high density, or as a mixture of the two, it is impossible 
to say. 
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88. The Chemical Properties of Water. —Water often reacts 
chemically with other substance's. The following cases are the 
most important: 

1. It combines directly with metallic oxides (§58), non- 
metallic oxides (§ 58), and salts (§ 79). 

What name is Riven to the product in each of those three oases? Write 
equations to illustrate. How many moles of water are combined with one 
mole of anhydrous copper sulfate to form copper sulfate hydrate? What 
actual weights un grams) oi water and copper sulfate hydrate :ir*' thus rep¬ 
resented? From this, calculate the percentage of water m copper sulfate 
hydrate. 


2. It reacts with active metals, which displace a part, of its 
hydrogen, forming a metallic hydroxide (base); or all of its hydro¬ 
gen, forming a metallic oxide (Hi). 

Give an equation to illustrate each of these eases. Name three metals 
that will not react appreciably with water, even at high temperatures. 


3. It reacts with a few salts in such a way as to form an 
acid and a base*. Thus, when a dilute (yellowish) solution of 
ferric chloride is boiled for a long time, hydrochloric acid escapes 
with the steam, ami a dee]) red colloidal solution (§91) of ferric 
hydroxide is left behind: 


Fe(Ti-f-311011 = I , Y(OII):{-|-31I( , l J . 

Reactions of this kind are said to be east's of hydrolysis, and the 
salt is said it) be hydrolyzed. \Ye shall presently (§ 113) explain 
why some salts are readily hydrolyzed, while others are not. 

Tell wlial products are formed when magnesium sulfate is livdrolyml. 
Write equation. (The necessary formulas have been given previously.) 


89. The Quantitative Synthesis of Water. —P.y synthesis we 

mean the formation of a complex substance by interaction (com¬ 
monly, direct union) of simpler ones. Thus, the organic chemist 
synthesizes the complex molecules of dyestuffs find perfumes from 
the comparatively simple molecules of substances found in coal-tar. 

By a quantitative synthesis we mean one accomplished in such 
a way as to determine the exact proportions (commonly, by 
weight) in which simpler substances combine to form a complex 
out'. Chemists have expended years of effort, during more than 
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a century, on the quantitative synthesis of water, to determine 
the exact proportions, by weight, in which hydrogen and oxygen 
combine to form water. This seemed worth while, because the 
result could be made to reveal the relative weights of the atoms of 
hydrogen and oxygen. The two most accurate determinations 
have been made by American chemists. 


1. Tho nppiirufus of U'. A. Xnycs is shown in tho accompanying figuro. 
Coppor oxide was placed in tho hull), A, and tho apparatus exhausted and 
weighed, furc hydrogen was then slowly admitted through (\ while the bulb 
was heated. Oxygen contained in the copper oxide united with the hydrogen 
to form water. This water was con¬ 
densed to ice in the vertical portion. li, 
placed in a freezing mixture. After a 
time the stop-cock, E, was closed, and 
the apparatus cooled and weighed. The 
increase' in weight was the weight of 
hvdrogen taken. The water was finally 
driven out of tho apparatus by warming 
B and A. Tho total weight was then Fig. 34. 

less than at first, tho deficiency being 

the weight of oxygen yielded up by the copper oxide to combine with the 
hydrogen. The mean of twent >-four experiments gave 1.00787 parts of 



hydrogen to S parts of oxygon. 

2. Tho wonderfully painstaking experiments of Morlcy occupied more than 
twelve years. Hydrogen and oxygen gases were weighed separately and per¬ 
mitted to come together in a special weighed apparatus provided with plati¬ 


num terminals between which electric sparks passed. 


These sparks caused 


the two gases to combine to form water, which was condensed and itvighcd. 


Tho mean of twelve experiments gave 


1.00702 


parts of hydrogen to 8 parts 


of oxygen. 


Chemists have adopted the ratio 1.008 (parts by weight of 
hydrogen) : 8 (parts by weight of oxygen), obtained by rounding 
off the results of the experiments described above. 

90. Hydrogen Peroxide. The Law of Related Composition.— 
The compound called hydrogen peroxide contains just twice as 
much oxygen, for a given weight of hydrogen, as does water. The 
two compounds thus illustrate the Law of Related Composition 
(sometimes ealled^he Law of Multiple Proportions): A fixed 
weight of some one element (say hydrogen) may often be made 
to combine with several different weights of another element (say 
oxygen) to form a corresponding number of different com¬ 
pounds. When this happens, the different weights of the second 
element are all simply related to each other. (“Simply related ” 
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moans hearing to each other a ratio of small whole numbers; 
such as 1:2; or 3 : 1; or Ft : 7.) 

Work the lust three problems at the end of this chapter. 

The fact that hydrogen peroxide contains t wice as groat, a weight, 
of oxygen as docs water, for a given weight of hydrogen, suggests 
that ('itch molecule of hydrogen peroxide contains twice as many 
atoms of oxygen as a molecule of water. Then, if water is 
hydrogen peroxide must bo IIjtE. Hydrogen peroxide cannot be 
made by direct union of hydrogen) and oxygen, but is* prepared 
indirectly, for example by treating a metallic peroxide with a, 
cold, dilute acid: 

liaO^+IIjS( >4 = BaSO i \ +II L .0 2 . 

The dilute solution of hydrogen peroxide thus obtained decomposes 
slowly, liberating oxygen gas, even at room temperature; it decom¬ 
poses more rapidly -when healed, or in the presence of certain 
catalyzers, or when exposed to sunlight: 

2 TI 2 0 2 = 2II2O+O2 | • 

Hydrogen peroxide is an oxidizing agent. It, oxidizes and thus 
decolorizes many colored substances, and is therefore used for 
bleaching silk, wool, and hair. As an antiseptic, it has been 
much overrated. 

EXERCISES 

1. Explain the relation between aqueous tension, almospherie pressure, 
and boiling point 

2. Describe what happens when water is heated in a elo.sed steel bomb to 
higher and higher tempera)ures. Is there a sudden jim-icmm- in pressure at 
any one temperature"' 

l». I low' many cubic centimeters of liquid water must be decomposed to 
furnish 100 g of ox\gen? 

4. flow many milligrams of hydrogen gas must be burned to produce a 
cubic centimeter of liquid water? 

5. Tell what eireimistanees determine whelheru erv»tal will deliquesce o r 
effloresce when exposed to the air. 

ti. Distinguish between boiling and evaporation. 

7. Sketch and interpret a freezing-point curve. 

8. Whal ir*ij»nr;Iies in water unfit it for industrial use, and why? 

9. What is meant by each of the following: hydrate, anhydrous salt, 
hydrolysis, syntfusis, analysis, densitv, distillation, fractional distillation, 
distillate, volatile substance, suspension? 
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10. Write Mini balance ail equation for the formation of hydrogen peroxide 
and sodium acetate by l.lie action of acetic acid on sodium peroxide. 

11. In what, respect, are ozone and hydrogen peroxide alike? What, frac¬ 
tion of the oxygen in ozone is most, readily available for oxidizing other sub¬ 
stances? What fraction of that in hydrogen peroxide? 

12. Show that the following substances obey the Law of Related Composi¬ 
tion: 



Part s of A 

Parts of B 

Compound No. 1 . . 

Kli 

2 

Compound No. 2 ... 

10 

1 

*> t 

('(impound No. 2 . 

• 

10i 

*>> 

— 0 


(SiKjfjr.shmr. rind how many parts of \, in each compound, are combined 
with I pari of R.) 

12. Yellow lead oxidi contains 102.(1 parts by weight of lead, for every 8 
parts by weight of oxygen. Red lead oxide contains 00.70 parts of lead, for 
every 0.24 parts of oxygen. Kind how many parts of lead (to three decimal 
places), in each compound, are combined with one part ol oxygen. Then 
show that these results iilustrate tlie Law ot Related Composition. 

14. Tn the preceding problem, find how many parts of oxygen fto four 
decimal places), in each compound, are combined with one part of lead. Then 
show that these results also illustrate the law. 

Topic* (or IittltndiHil Heparin 

See references in Appendix 1\. 

A. What is tin' source of the water supplied to vour campus? Outline 
the process used in purifying it. If it differs from that outlined in the text,, 
try to find out why. 

li. Similarly, discuss the source and method of purification of the water 
used in vour ow n home. 

C. Kind out something about the cost of treating water by some of the 
standard methods. 

I). For "hat impurities docs a chemist generally test drinking water, and 
why? 

K. Explain what geological formation is favorable to artesian wells. 

F. In one ot the reference books on enzymes find out something about the 
occurrence and propel ties of the enzyme calk'd calnlaxc. 
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91. Coarse and Fine Mixtures. —Such things as sand, Craharn 
flour, or milk, arc obviously mixtures, for in them we may easily 
distinguish particles of different kinds: grains of different colo/s; 
flakes of bran among granules of starch; or droplets of cream, of 
microscopic size, suspended in watery fluid. Such materials are 
always variable , bolh in their properties and their chemical com¬ 
position, (§ 13), presumably because different samples vary in the 
proportions in which their chief ingredients are intermingled. 

Certain mixtures are barely recognizable as such when exam¬ 
ined with a powerful microscope. Others contain particles too 
fine to be detected by the best, microscopes, but still recognizable 
with the aid of an ultramicroscope, § 94. Finally, we have 
mixtures which appear to be perfectly homogeneous by all tests, 
yet betray themselves to be mixtures by the fact that different 
samples vary in their properties. Class is such a material. It 
must be a mixture because it varies in its characteristics; yet, so 
far as we can toll, the particles that are intermingled are the indi¬ 
vidual molecules of calcium silicate and sodium silicate of which 
the. glass is mainly composed. 

Such a mixture of different kinds of molecules, as distinguished 
from one of different kinds of coarse particles, is a true solution. 

In dissolving a substance to form a solution, we get the same result 
as if wo were to put it through a mill, capable of grinding if down 
to its very molecules. Such a process of subdividing one sub¬ 
stance, and scattering its particles through another, is called 
dispersion. Thus, people who like to have science couched in very 
formal language 1 are in the habit of defining solutions as molecu- 
larly dispersed mixtures. • 

Every solution must accordingly contain at least two different 
substances. One of these, commonly a liquid, is called the sol¬ 
vent, and is said to dissolve the other substance*. The latter, 
that’s to say, the substance dissolved, is called the solute. In 

% 
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many cases, however, it is impossible to draw such a distinction. 
In a solution containing roughly equal parts of water and alcohol, 
for example, either substance may be considered as the solvent. 
Each has, in fact, dissolved the other. 

92. Importance of Solutions. —Many of the most interesting 
and important things in chemistry have to do with solutions. The 
air we breathe is a gaseous solution. The oceans art' filled with a 
liquid solution. The ok lest rocks of the earth’s crust are solid 
solutions, while others were formed by crystallization from such 
solutions or from solution in water. Solutions carry mineral foods 
from the roots of plants to the topmost branches, and return with 
other materials, to be ston'd up as woody tissue, starch, or sugar, 
in stem, or leaves, or tubers. They carry out our digestive 
processes; they course through our veins; they form the fluid 
contents of every living cell. Thus, the whole aspect of our earth, 
and all the forms of life that exist, upon its surface, an* determined 
by the projierlies of solutions. 

93. Complete and Partial Miscibility. —(Ve.vc.s may be* dis¬ 
solved in each other to form a gaseous solution, in any desired 
proportion. This is presumably because their molecules are rela¬ 
tively so far apart, and move with such slight interference that 
they intermingle freely. Liquid; s' will mix in any desired pro¬ 
portion only wh('ii they are somewhat, alike in llieir properties. 
This often means that they must be chemically related —having 
molecules built on similar architectural plans. Examples of such 
pairs of completely miscible liquids are water and alcohol, benzene 
and gasoline, lemon oil and turpentine. Complete miscibility 
means that there is no limit to the solubility of one substance in 
the other. 

Liquids that, are not so similar in their properties, or so closely 
related chemically, often cease to be completely miscible as soon 
as they have been cooled below a certain temperature. Thus, 
water and phenol (carbolic acid), from high temperatures down to 
()8° C., will dissolve in each other in any desired proportion; but 
below (j8° they arc but. partially miscible —there is a limit to the 
solubility of each substance in the other. If wo take a very large 
excess of either substance, the other may still dissolve in it. com¬ 
pletely. As soon'as the limit of solubility is passed, however, we 
obtain two layers of liquid: a lower one consisting largely of 
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phenol, with some dissolved water; and an upper one of water, 
with some dissolved phenol. 

Liquids that- are very dissimilar in their properties—such as 
water and benzene—are usually very slightly soluble in each other; 
and if shaken together will immediately separate into two layers, 
even though heated. 

94. True versus Colloidal Solutions.—If a soluble, crystalline* 
substance, such as sugar or common salt, is placed in a beaker of 
water, the crystals grow smaller and smaller, and finally dis¬ 
appear, but maintain their any mat shape to the eery last. This is 
evidence that the atoms on the surface of the crystal are being 

stripped away in a regular and systematic 
manner, layer after layer. There is reason 
for believing that the material thus re¬ 
moved from the surface* is dispersed so finely 
by the action of the solvent that we reach at 
last tla* snnjttc molecules characteristic of the 
gaseous state of matter. Sometimes even 
these 1 may be disrupted (§101). In other 
words, crystalline substances usually dissolve 
to form true solutions (but see § 370). 

On the other hand, if glia*, a non-crystalline 
substance*, is thrown into water, we observe 
epiile the* e*ontrary effect. Instead of diminish¬ 
ing in size, as a crystal would do, the glue draws 
water inft> itself, and swells up enormously. 
In the e*nd it may absorb feirty or fifty times 
its own weight of wafer and still remain a 
fairly seiliel jelly. No wonder sue*h a sub¬ 
stance* is said to be* hydrophilic (f hve*k, 
mater-laving). Altheiugh, in tic end, the* glue* 
is dispe-rseel through the water, ewielence* goe*s 
to show that it ne*ver re*ae*hes 1 he* state* of extreme* subdivision 
characteristie* of the* particles eif salt eir sugar •Lsseilveal in water, 
but persists as comparatively huge groups of molecules. Tims we* 
have: what is e*alle*el a colloidal solution, in which the* elispe*rse*el 
particle's are, e»f intermediate size be*twe*e*n the simple* mole*cule*s 
prese; I in true solutions, anel particles so large* as to be visible! 
with a mie-roscupe*. 



Fir,. 35. — Tyneliill 
test for colloidal 
particles. 
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Colloidal solutions arc of ton jus (dear and transparent as true 
solutions; hut they may he recognized as colloidal solutions by 
the famous Tyndall test, shown in Fig. 35. if abeam of light is 
passed through the liquid, its path becomes beautifully illuminat ed, 
since; each of the colloidal particles reflects a portion of the light 
toward the; observer. A true solution, under similar circum¬ 
stances, usually shows but a faint beam, due to dust particles. 
The tail of a comet is a gigantic Tyndall beam. 

An ultramicroscppe makes use of a beam of light rich in ultra¬ 
violet light - that is, light having a wave-length so short that it is 
invisible to human sight. This beam is passed into a few drops of 
the solution to be studied, in the field of a powerful microscope. 
With proper arrangements, particles too small to reflect ordinary 
light then appear as tiny scintillating sparks; for, in spite of their 
small size, they reflect and scatter a portion of the* ultraviolet light, 
and in so doing increase its wave-length, so that it becomes ordinary 
light. Thus the ultramicroscope, with the aid of invisible light, 
makes colloidal particles visible. 

ORDER OF INCREASING DEGREE OF DISPERSION OR 
DECREASING SIZE OF PARTICLES 

Course suspen- Very fine suxpen- Colloidal solutions True solutions 
sions sums 

Particles visible Particles visit le Particles may be Particles (simple 
with naked e\e. with microscope, visible with ul- molecules) far 

tramierosenpe. too small to be 

visible by any 
means. 

Particles of diameter greater than Particles of ilium- Particles of diam- 
lOOjuju.* ('ter between 1 eter less than 

and lOOfijLi. 1 mm- 


Colloidal solutions are of such groat interest and importance 
that wo shall devote an entire chapter to their consideration, at a 
later stage in our progress. 

96. Saturated, Supersaturated, and Unsaturated Solutions.— 
If a solution contains as much of a dissolved substance as it can 
continue to hold in the presence of undissolved crystals of the same 

* The sign (double mu) stands for the millimicron, or the one-millionth 
part of a millimeter. 
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substance, is it said to bo saturated. Thus, if wo place some 
crystals of common salt in water, shako or stir for several hours, 
and find that some of the crystals remain undissolved, we may be 
fairly sure that the solution we have formed is a saturated one. 

A saturated solution in the presence of undissolved crystals is a 
ease of equilibrium (§ 07)—here molecular equilibrium. Mole¬ 
cules dissolve from the surface of the crystal as fast, as others Af 
tin* same kind come out of the solution and are redeposit,ed. That 
an exchange of this kind really takes place may be seen from the 
fact, that a crystal with a broken corner, if hung in a saturated 
solution, will have the broken corner repaired at the expense of 
material taken from other parts of its surface. 

Most substances dissolve more readily in hot water than in cold 
(§90). If a solution is saturated when hot, Ihen til ((‘red and 
cooled, it will often retain all of the material that it dissolved at 
the higher temperature, and will accordingly be more concen¬ 
trated than one prepared directly by stirring crystals in cold water 
at the lower temperature. It is then said to be supersaturated. 

Whether a solution is saturated, supersaturated, or unsat¬ 
urated may be determined by noting what, hap]>ens when an 
additional crystal of the given substance is thrown into it. If 
this dissolves, the solution is unsaturated; if it grows larger, the 
solution is su]X‘rsatunited; if it, remains of the* saint* size, the solu¬ 
tion is just saturated. Note that a saturated solution i* not one 
that contains as much of the dissolved substance as it can bo made 
to dissolve —but as much as it, can be made to retain, in the pres¬ 
ence of undLssolved material of the same kind. 

A concentrated solution is one that contains a relatively large 
amount of solute in a given volume of solution. It may or may 
not be fully saturated. A dilute solution is one containing a rela¬ 
tively small amount of solute and a relatively large amount, of 
solvent. 

96. Effect of Temperature on Solubility. —Most substances 
increase in solubility with increasing temperature. Figure lid illus¬ 
trates this fact in graphical form for a number of common salts. 
Thus, from the solubility curve of Nil j('l, we see that a saturated 
solution of this sa It, at 20° ('., contains .‘17 g. of dissolved salt in 

even MK) g. of water; but at 70° the solubility has increased to 
OOg. in U)(l g. u f water. 
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Name Ihn sails wlioso formulas arc given in this chart.. What weight of 
K'Ur-jO; will separate if 100 g. of water, saturated with that salt at 90°, 
are allowed to cool to 20° C.? What weight of water will dissolve 100 g. of 
KCIO.), at 80° C.? 

Gases, and a very few solids and liquids, become less soluble 
a,s the temperature is increased. Notice that sodium sulfate 
has two separate solubility curves: one for the anhydrous salt* 


c -5 40 



0- B0 


Temperature - Degrees C. 

Fio. od. -Soluliilitv curves of a few common salts. 


Na-rSOi; and one for the hydrated salt, Na^St>4-IOH 2 O (§80). 
Thus, at temperatures around 110°, sodium sulfate may have either 
one of two different solubilities, according; to the typo of crystal in 
equilibrium with the .solution. 

• 

Which is the more soluble at .'{0°, the anhydrous or the hydrated salt? 

Thus, in general, the solubility of a given substance at a given 
temperature can be definitely stated only if we know which 
crystalline form of the substance is in equilibrium with the solu- 
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97. Recrystallization. —The constituents of a mixture can 

often be separated by taking advantage of differences in their 
solubility. Thus, sea-watt']-, from prehistoric times down to the 
present day, has boon evaporated in artificial ponds, to prepare 
common salt. When the solution has become sufficiently con¬ 
centrated, the salt begins to crystallize out, while the more soluble, 
and less plentiful constituents of the solution mainly salts of 
calcium, magnesium, and potassium— remain behind in the mother- 
liquor. , 

Crystals obtained from a solution by a single crystallization are 
often far from pure, but may be purified by recrystallization. The 
more nearly alike the substances to bo separated happen to be, in 
their solubility and chemical characteristics, the more reervst affixa¬ 
tions will be necessary. In the purification of the rare earth salts, 
used in the manufacture of incandescent mantles (§ oft?), and in tla* 
purification of radium salts (§ 580.), hundreds of patient merestal- 
lizations are often necessary. 

98. The Law of Henry. —There is a great difference in the 
extent to which different gases dissolve in water. Jl is worth 
remembering that— 

H* 2 , Nj, O 2 an* but slightly soluble 2 to 4 volumes in KM) of 

waler: 

CO,, Cl„ H >S are fairly soluble several hundred volumes 

in I(K) of waler; 

S02,NH :{ ,HC1 arc very soluble several thousand volumes 

in 100 of water. 


These figures are for the* solubility of the gases at room tempera¬ 
ture, under one atmosphere of pressure. Their solubility de¬ 
creases with increasing temperature. 

If a gas is only fairly soluble , the weight dissolved in any given 
volume of liquid is proportional to the pressure (Law of Henry). 
But note that the solubility of extremely soluble gases, such as 
ammonia and hydrogen chloride, does not increase so rapidly with 
increasing pressure as the Law of Henry would predict. 

The increased solubility of gases with increased pressure is 
used in the manufacture of carbonated drinks. When the stopper 
of a bottle of hoda-watcr is drawn, the pressure is relieved and a 
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part of the dissolved gas escapes, producing the familiar sparkling 
(effervescence) . Workmen employed in compressed air chambers 
(caissons), used for tunneling under rivers, often fall down in 
convulsions on emerging into the open air, from the effect of air- 
bubbles which the release of pressure liberates from solution in the 
spinal fluid. The risk is diminished if a mixture of oxygen and 
helium is substituted for air (which is a mixture of oxygen and 
nitrogen); for helium is much less soluble than nitrogen. A very 
gradual release of the pressure affords the same protection. 



Ei(i. :J7. Testing milk for added walcr by a determination of its freezing 
point. Milk freezes at a temperature a tritle lower than water, because it is 
a solution; but the addition of a little water raises its freezing point. See 

Jour. /ml. Em,. (7a///. 13, 202 (1021). 


99. Freezing and Boiling Points of Solutions.— An important 
fact is that solutions tend more strongly to remain in the liquid 
state than do the pure solvents from which they are formed. 
This means decreased tendency to evaporate or solidify. Decreased 
tendency to evaporate implies that a solution has a lower vapor 
pressure, and consequently a higher boiling point, than the corre¬ 
sponding pure solvent; decreased tendency to solidify means that 
it has a lower freezing point (§ 99). 

Illustrations of this general principle are seen on every hand: 
Honey—a solution of invert sugar and other subst ance's in water— 
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has a lower vapor pressure than pure water, and may be exposed 
to the air indefinitely without evaporating, in situations in whieh 
pun* water would soon disappear. The candy-maker, in boiling 
down a strong sugar syrup, must roach amueli higher temperature! 
than would be needed to boil pure water. Sea-water remains 
unfrozen when fresh-water lakes are* covered with ice. 

100. Osmosis. The facts just con¬ 
sidered may be expressed by saying that 
the tendency of the molecules of a solvent 
to escape from the liquid state is always 
decreased by dissolving any other sub¬ 
stance in it. 

This general principle may he illustrated in 
still another way (Fig. .‘JN). A solution, sa\ of 
cane-sugar in water, is placed in an mvciled 
thistle-tulie, A, separated by a suit able mem¬ 
brane, M, from pure water in a, beaker, V>\ The 
membrane tends to absorb water both from the 
solution in A and from the pure water in li. 
Hut, of these two processes, the lormer takes place 
the more readily, for the waler molecules from the 
solution find much the same diflicnltv m escaping 
into the membrane that they would laid in evap¬ 
orating or separating as ice. 

Thus, when the membrane finally becomes saturated with water, with 
respect, to the pure solvent m li. it is .sayier.su /uralcd with respect to the solu¬ 
tion in A. The result is that some of the water acquired from Ihe pure sol¬ 
vent is yielded up to the solution. Thus, molecules of water, from li, are 
transferred continuously into the membrane, passed through this by diffusion, 
and handed on to the solution in A. As a result, the solution in the liquid in 
the thistle-tube rises at the rate of perhaps an inch an hour, lor a considerable 
length of time. 

This movement of a solvent through a membrane into a more 
concentrated solution on the other side of the membrane is called 
osmosis. 

If a solution is separated by a suitable membrane from tin* 
pure solvent, the pressure that needs to be applied to stop the 
transfer of solvent molecules through the membrane is calk'd 
osmotic pressure. It has been measured wit h elaborate apparatus, 
and ior many substances (in dilute solutions) has boon found to be 
proportional to the number of moles of solute contained in a 
given weight of solvent. Thus one mole of cane sugar, (' 12 II 22 O 11 , 
dissolved in 1000 g. of water, produces a solution having very 




IONS 


105 


nearly the same osmotic, pressure as one containing one molt' of 
ethyl alcohol, C 2 II 5 OII, in 1000 g. of water. 

Wh:il uclmil weights of sugar and of ethyl alcohol are represented by one 
mole of each? If 11jitiil weights of these two substances were dissolved in a 
given weight of water, which solution would have the higher osmotie pressure? 

\\ hut weight of glycerol, (’, t I 1 ,(()l Ineeds to be dissolved in a given weight 
ol water to produce a, solution having the same osmotic pressure as one con¬ 
taining one-tenth mole of cane sugar? 

101. Ions.— Every acid, bast*, or stilt consisls of two parts—(1) 
a metal or hydrogen ; (2) a non-indnl or non-mat all ic radical (§ 71). 
Those two parts often act. quite independently of each other when 
the given substance is dissolved in water. This is fortunate, for 
chemistry is thereby enormously simplified. Thus, wo do not 
need to specify which barium stilt and which sulfate are needed 
to produce barium sulfate; for solutions of all salable barium salts 
react with solutions of all soluble sulfides to form that familiar 
white precipitate: 


liariiim Salts 

BaClg 
Ba(N( );{)•_> 

Ba(( bl bd )g )2 
Ba(Cl();,)a 


reacting 

with 


Soluble Sulfates 


j Na_>S0 4 
| K .SO 4 
MgS0 4 

AUSOd.i 


all 


produce 


BaSOi 


We get, the same product, barium sulfate, no matter what 11011 - 
metallic radical is contained in the barium salt, and no matter 
what metal in the soluble sulfate. The Ba and the SOv combine 
to form BaSO.j, which precipitates. The other part of the barium 
salt, and the other part of the soluble sulfate have not the least 
influence on the result. 

Again, whenever an acid is mixed with a base, the two react to 
produce water: 


Acids 

HNO ;i 

HC 1 

HC2II3O2 

H2SO.1 

H3PO.1 


n 

reacting 

with 


Bases 

KaOH 

KOH 

Ca(OH) 2 
Mg(OH) 2 
. IV(OH) a 


ail 

jiroduce 


H 2 0 . 
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The H of tho acid and tho OH of tho base combine to form H2O, 
no matter what the other part of the acid or base may be. 

These tacts show that the two parts of each acid, base, or salt- 
are so readily separated from each other as to act quite inde¬ 
pendently in most reactions. Tin's is really putting the case too 
mildly; for, if wo pass a current of electricity through a solution of 
such a substance, tho metallic part (or hydrogen) moves off in one 
direction ami the non-metallic part in the opposite direction, as if 
the two parts were given the capacity for independent motion by 
the mere act of dissolving them in water. The fact that they move 
in opposite directions, under the influence of the electric current, 
shows them to earn' electrical charges of opposite hinds. 

Thus, we may conclude that whenever acids, bases, or salts 
are dissolved in water, at least a part of their molecules are pies- 
ent as electrically charged fragments of molecules. We call these 
fragments ions, and we say that tin* dissolved acid, base, or salt 
is partially or completely ionized or dissociated. Note that not 
all substances are ionized whim dissolved in waiter. With a few 
exceptions, only acids, bases, and salts can be ionized and only 
whim dissolved in water (and a few other solvents). Note, further¬ 
more, that since ions have independence of action, constant chemi¬ 
cal composition, and definite properties, 1 hey may be regarded as 
substances (§ 0 ). We shall speak of the properties of hydrogen- 
ion, a substance present, in a solution of any acid in water; and of 
those of chloride-ion, a substance present, in an aqueous solution of 
hydrochloric acid, or of any chloride salt. Note that the elec¬ 
trical charge on an ion is the symbol of previous chemical change. 
Thus, Na + is not metallic sodium, but sodium that has reacted 
with something else, to form sodium hydroxide or a sodium salt. 

The names, symbols, and electrical charges of a few common 
ions should be committed to memory: 

When dissolved in water, all 


Acids furnish hydrogen-ion, TI + 

Sodium salts furnish sodium-ion, lta + 
Potassium salts furnish potassium-ion, K + 
Silvv‘r salts furnish silver-ion, Ag + 

Barium salts furnish barium-ion, Ba ++ 

Ferrous salts furnish ferrous-ion, F« ++ 

Ferric salts furnish ferric-ion, Fe +++ 



EXERCISES 


107 


Bases 

Chlorides 

Nitrates 

Acetates 

Sulfates 

Phosphates 


furnish hydroxyl-ion, OH - 
furnish chloride-ion, Cl - 
furnish nitrate-ion, N 0 ;r 
furnish acc'tate ion, ( 1 2H;}02~ 
furnish sulfat(»-ion, SO4 
furnish phosphate-ion, PO4 


Accordingly, we have two ways of speaking about chemical 
reagents.. Very often, wo can either say, “ any barium salt” or 
else simply “barium-ion.” Very often we can say “any arid” 
or else, “hydrogen-ion;” “any base” or else “hydroxyl-ion”; 
“ any chloride (including IICI)”, or else “chloride-ion” Sonic 
chemists habitually use one way of speaking, and some the other. 


EXERCISES 

1. Explain why glass is considered a solid solution. How may solid 
solutions be distinguished from true solids? 

2. What reasons are there for calling air a solution? Is it properly de¬ 
scribed as a “a material’’ or a ■‘substance”? Why? 

,‘J. Name several pairs of liquids that are completely miscible at ordinary 
temperatures, and several that are not. 

4. From the solubilitv curve of ammonium chloride, determine how many 
grams of that salt dissolve in 100 g. of water at T>(r ('. llow many grains of 
ammonium chloride is this for every 100 g. of solution? 

f>. Fresh fruits or vegetables, when first placed in strong brine often lose 
so much water that they are perceptibly shriveled. This is called plaxmoh/xis . 
Is it related to osmosis, and if so how? 

0 Compare the freezing and boiling points of solutions with those of 
pure water. 

7. What, is osmotic pressure? Describe an experiment to illustrale. 
What is the osmotic pressure of pure water? 

5. What is the distinction lw tween true and colloidal solutions? By what 
optical test may a colloidal solution usually be recognized? 


0. Honey, or a fruit jelly, will often separate large quantities of sugar 
crystals, even though protected, to prevent evaporation. Explain. 

10. A liter of water will dissolve about 4 cc. of oxygen, under one atn os- 
pliere of pressure. Pnder a pressure of 10 atmospheres, at 0" it will dis¬ 
solve about 1 cc. of compressed oxygen. Show that this statement is in har¬ 
mony with the Law of Henry. 

11. What, volume of water is needl'd to dissolve 1 kg. of ammonium chlo¬ 
ride, at f)0 u ('.? If the solution occupies 2100 cc., what is its specific gravity 
(§ lei)? 

12. Explain the fact that the solubility curve of sodium sulfate consists 
of two sections, which intersect. 
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13. Tf 3 niff, of nitrogr-n dissolve in 1 liter of water at a errtain tempera¬ 
ture, under a pressure of 1110 mm. of mercury, how much will dissolve at the 
same temperature in 50 ec. of water, under a, pressure* of 15 atmospheres? 

I t. What weight of aeeteine', (( ’11 ;t )-jC’’t > must 1«* dissolved to produce a 
solution having the same osmotic pressure as one containing 23 g. of ethyl 
alcohol, in any given amount of water? 


15. What classes of substance's are partially or completely ionized, and 
under what circumstance's? 

10. Whie-h of the' following substane-e-s are iemizable? Which are neit, and 
why? Hydrochloric aciel; me'talhc zinc; barium e-hleiride-; solid, insoluble 
ferric hydroxide. 

17. Explain whv Fe is regarele-el as a different subsiane-e frenn Fe-' 1 or 
F C 4+ + 


IS. Pivcipitalion is re'garele'el as the* direct union of ions to produce mole*- 
cules of an insoluble substance-. Write- an equation for the* ])re-cipitatiem eif 
the- insoluble' base, fe-rnc hyelroxide. 

10. lteword the following sentene-e's (see last paragraph of § 101 > te> indicate 
the iems cone-e-rne'd: 

(a) A ]>recipitate is forme'd whenever a solution of any silve-r salt is added 
to a solution containing hydrochleiric acid or any metallic chlornle. 

(h) When an ae-iel re-ae-ts with a base, one- pmeluct is alwavs water. 

(c) Ferric hyelroxide- is an insoluble* substane-e, produced by inte-rae-tion «if 
any fe-rric. salt with any base-. 

(d) Ferrous salts preielue-e* ferric salts, on being o.xidizeel. 
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102. Acids.— The most important properties of acids an* llio 
following: 

1. Aeids cause certain substances, called indicators, to change 
color, l'br example, all but Hie least active acids turn blue litmus 
rod. 

2. Solutions of all acids of reasonable activity taste sour. 
(One needs to make sure that they are sufficiently diluted with 
water to be safe to taste.) 

3. Acids react with the most active metals to form hydrogen 
gas and salts: 

211 ('IT Zn = Zn( ETIR ] . 

Zinc 
chloi i<lc 

Cl Mill) 

The metal is here said to displace hydrogen from the acid. 

4. Acids react with bases to form salts and water: 

I1,S( ) 4 +Zn (()II )•> = ZnS( > 4 TIIA )• 

Zim Zinc 

IimIiomiIc Slllf.lt** 

in bum;) (a mil t) 

The formula of the salt is like that of the acid except that the 
metal takes the place of hydrogen. The metal is therefore said 
to replace the hydrogen. 

5. Acids hasten (catalyze, § 52) certain reactions in which 
water is one of the reactants. Tims, if a small amount of any 
active acid (as 11(1, UNO;*, lljSOi) is added to a solution of 
ethyl acetate, the fragrant odor of the latter, after a few hours or 
days, gives place to tin* sharp odor of acetic acid (vinegar): 

(TIT r» (CV11;{( )^) T11 jO = (Vd I) 11T11 (\*I I ;j( >2 ■ 


ucctate 


Ullnl 

alcohol 


\cctic 

acul 


The acid that, is added serves merely as a catalyzer. 

lot) 
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All acids are composed of hydrogen, in combination with a 
non-metal or non-metallic radical (often called an electro-negative 
radical). Examples, 1101 , II2SO4, Ilal’Oi. But whenever the 
acid is dissolved in water, the two parts of the acid act. independ- 
dently, in many reactions. This fact, and others, indicate that at 
least a part of the acid molecules are present in the water solution^ 
as electrically charged fragments of molecules, called ions (§ 101). 
The acid is then said to bo partly dissociated. (Dissociation is 
a process of decomposition in which the resultants have the 
capacity for recombining, to give back the original substance.) 

The five properties listed above, which all acids have in com¬ 
mon, and which distinguish acids from other substances, are 
assumed to be the properties of the only ion that is common to all 
acids, namely hydrogen-ion, II + . Accordingly, there are two 
different ways of defining an acid: (1) by stating the chief proper¬ 
ties common to all acids, as given above; or (2) by stating that, 
an acid is a substance that dissociates in such a way as to furnish 
hydrogen-ion, when dissolved in water. The former of these 
two definitions is at first the more practically useful; but the latter 
is perhaps the more precise, and should become the more sug¬ 
gestive at later stages of our study. 

Compare with the* definition of the word “ acid,” in a good dictionary. 


103. Active and Inactive Acids.- -If we wish to make a fair com¬ 
parison of the properties of two different acids, we must, dilute 
them until equal volumes contain the saint 1 amount of acid hydro¬ 
gen,,* We then that they are of equivalent concentration. 
Thus, a solution containing 011c mole of IK'l has the same amount 
of acid hydrogen as one containing one molt 1 of HCblJaOg, or one- 
half mole of JESOj, or out'-third mole of II3PO.1. If these solu¬ 
tions are diluted until they occupy equal volumes, they will be of 
equivalent concentration. They will then react, with equal 
weights of any given metal, anti with equal weights of any given 
base, and their properties may accordingly be fairly compart'd. 


* Bv acid hydrogen is meant all Iho hydrogen displaceable by metals, in 
the acid itself (as distinguished from the water;. In acetic acid, HC/alljO;, 
note, that only the one atom first, written in the formula is displaceable by 
metals. The, other three a r e combined with other atoms in such a way that 
they cannot thus be displaced. They form part, of the “ acetate radical.” 
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1. What actual weights of these four acids are here indicated? What 
weight of acid hydrogen is contained in the given weight of acid, in each ease? 

2. ilow many grains of noetic acid must be dissolved in a liter of water to 

furnish a solution of equivalent concentration to one containing g. of 

hydrochloric acid in a lifer? 


If we make up dilute solutions of different acids, all of equiva¬ 
lent concentration - and it makes little difference how dilute they 
are, so long as we keep them equivalent—we discover that dif¬ 
ferent acids differ greatly in the degree to which they display acid 
properties.^ 'rhus, a solution of hydrochloric acid (1) reddens 
litmus much more readily, (2) tastes much more sour, 01) reacts 
more rapidly with metals, (1) reacts more contplddy with bases, 
and (7>) makes a much better catalyzer (for reactions catalyzed by 
acids) than a solution of acetic, acid, of equivalent concentration. 
\Ye express this by saying that hydrochloric acid is an active 
acid, and that acetic acid is comparatively inactive. 

Now, the five properties that are characteristic of acids (which 
furnish five tests by which the activity of acids may be compared), 
are assumed to be the properties of hydrogen-ion, II + . Accord¬ 
ingly, the active acids owe their activity to the circumstance that 
nearly all their molecules, when dissolved in water, are disso¬ 
ciated into ions. They are said to be “ largely ionized,” or 
“ almost completely dissociated.” Thus, with hydrochloric acid, 
the dissociation may be formulated: 


IICU-II++C 1 


The double arrow here indicates that the dissociation is a 
reversible reaction, and is thus somewhat incomplete (§ 07 ). We 
have used a full-line arrow from left to right, but only a dotted 
arrow from right, to left, to show that the former reaction pre¬ 
dominates. In ot her words, when hydrochloric acid is dissolved in 
water, the equilibrium is such that most, of it, at any one moment, 
exists as ions, 11 + and Cl , rather than as molecules, HC 1 . Of 
course, if we could observe a cinematograph record of events 
within a droplet o? solution, we should doubtless observe that 
hydrogen ions,* II + , were combining with chloride ions, Cl to 


* Note that wc write hydrogen-ion (with a hyphen) when we speak of 
the parlieular sutntUnice that is present in solutions of all acids; but hydrogen 
ions (without, the hyphen) when we are speaking of the electrically charged 
particles that, make up that substance. Similarly for other ions. 
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form molecules of IIC 1 ; but. that other molecules of TIC] wens 
dissociating into ions, at. the same rate. Thus, the fractional part 
of all the acid existing as ions would remain constant. 

Since acetic acid, on the other hand, is but slightly active, we 
assume that it is but “ slightly ionized.” By this we mean that 
relatively little of it, at any one moment, exists as ions, II ■* anjl 
(\*II, 0 .-; but most of it as molecules, UCalluOj. Thus the dis¬ 
sociation may be formulated: 


II(^H..(T U 1 + ('-.Il:,(V. . 

We have here used a dotted arrow from left to right, and a full- 
lino arrow from right, to loft, to show that the latter reaction pre¬ 
dominates. 

When slightly active acids are very much diluted, a somewhat 
larger proportion of their molecules are dissociated into ions. 
We shall discuss this later (§ 2">N). 


"Write equal ions to represent tlief:ict that nil rie acid is very active, while 
hydroHuone acid (ILK) is very slightly active 

4. Cranberry juiee may taste more sour 1 linn slrawberrv juice, even 
though both may be capable of reading with the* same quantity of soda. 
Explain. 


The following table, giving 
live activities of a few common 


the names, formulas and rela- 
aeids, should be committed to 


memory. 


These me solutions of gases, 
having the formulas given. In 
the gaseous form, when perfectly 
dry, they do not have the prop¬ 
erties of acids. 


Active Moderate! u Slightly 

Ands Active Acids Active Acids* 


nri 

ir> (Irociiliirif 
aud 

TIBr 

llvlrol.rnmic 


III 

II vilri lit III 
acid 


HF 

Hvdrofliior 

acid 

IKN 

llydrocx .mi 
and 

II,S 

lIvdo.Milfui 
and 1 


* The wry slightly active acids are sometimes classified as inactive, though 
no acid could Ije completely inactive without, ceasing to he an acid, 
t More commonly called hydrogen sulfide. 
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These arc hypothetical acids. 
By this wc mean that they have 
not themselves been prepared. 
We assume their existence from 
the fact that solutions of CO.., SO. 
and N).i have the properties of 
acids, and form salts eontamim 
the radicals here indicated. 


A dive Moderately Slightly 

Acids Active Acids Active Acids 
II 2 SO 3 ITNO 2 

Sulfiirnus Nitrous 

acid acid 


HoCO :i 

Carliomc 

acid 



TINO 3 

H 3 PO 4 

HCblbiOg 


N it nc 

I’husplmrif 

\ CI-llC 

These are liquids, when pure 

arid 

TIgSt )i 

Sulfuric 

!iciil 

and 

acid 

Those are solids fcommoulv 

f 

TIgOgOi 

H 3 BO 3 

>rif^ 

carrying water nl hydration, §79. 

) 


not shown m these formulas. 

l 

:u td 

at id 


What prefix do the preceding names have, when the acids contain no 

(*. Compare the formulas lor nitric and nitrous and for sullurie and sul- 
furous acids. What relative amount of oxygen does the ending -mu s seem 
to mdieate, as compared w’llh the ending -u ? 


104. Preparation of Acids from Non-metallic Oxides.— Acids 
containing; oxygen may usually be prepared by direct union of a 
non-metallic oxide (otherwise called an acid-forming oxide) with 
water. i§5S.) 

Sulfur dioxide gas combines with wider to form sulfurous acid: 


S< ) L .-f !!,.()= II L .S(). { . 


Sulfur trioxide (a white solid) combines with water to form 
sulfuric acid: 

• S() ;{ -Hl,.o = ll i*s( )-i. 


Phosphorus pentoxide (a, white solid) combines with water to 
form nictaphosphoric acid: 


Pj( V, +1 IgO = 211 P( );p 



114 


ACIDS, BASES, AND SALTS 


Non-in Hal lie oxides whirl) are capable of combining with water 
to form acids are called acid anhydrides. 

7. Write and balance equations for tlie formation of nitric acid from 
nitrogen pentoxidc, .N;0„; nitrous acid from nitrogen trioxide, N and 
srsemous and, II.AsO, fromarseme trioxide, As.-Oi. Wliat is the formula 
of sulfuric and anhydride? 

106. Preparation of Volatile Acids.— Substances that tire vol¬ 
atile arc those that can be vaporized :it comparatively low tem¬ 
peratures (§ 10). Among th(‘ aeids, these include the gases 
(IK'I, llBr, HI, IK'N) and the liquids of low boiling-point 
(IIXOa.IK 'jllaOo). < ’omparatively non-volatile are tin* liquids 
IIjS( )-i and II;;Pt 

Volatile acids are most readily prepared by treating their salts 
with a less volatile acid (usually Il_>S()|or 11 1*0,). 

Thus we obtain hn<lnnjni rhlnrnlr, lit "1, often called lnjrfro- 
rhhn'ir acid r/n*, by treating one ol its salts, such as sodium 
chloride, with sulfuric acid: 

XaM-! IIjSO,-XaTISOH IK 1 1 

So<iimu :i»i«I 

r*' Ll 11 • L f t 

The sulfuric acid is poured through a thistle-tube (7\ Fig. 30). 
over crystals of sodium chloride, in ;i fl:t-k. < )n warming the flask, 
the hydrogen chloride is cxpcllm! as a colorless gas with a suffo¬ 
cating odor. It produces heavy clouds of white fumes when it 
comes in coni act with the moist air of the room, and is so very 
soluble that it cannol be collected over water, as tire oxygen and 
hydrogen. It is much heavier than the air. however, and may be 
passed through a glass tube to the bottom of a bottle, as shown in 
the sketch, like so much water, air being displaced upward as the 
gas enters. If we dissolve some of Hie gas in water, the solution 
1ms a sour taste, reddens blue litmus, reacts with zinc, etc. It, is 
hydrochloric acid When till the sodium chloride originally pres¬ 
ent in the Htisk litis been transformed, tin 1 read ion is conmlcti . 
The flask then contains a stilt called sodium arid sulfate, NaUSOq 
together w'iKi an unchanged excess of sulfuric acid. 

S. Wliiii is meanl when we say that we have used an excess of sulfuric 
aeid v 

0. Explain ( § OX; why the given reaction becomes complete. 
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Nitric itcid is commonly prepared by heating sodium nitrate in a 
retort (Fig. 40) with concentrated sulfuric, a.cid. Below about 
80° C. the reaction is incomplete; but. above that temperature the, 
nitric acid distills off as fast as formed. Thus, again, we have a 
complete reaction: 

NaNOjj = NaTlSO, 4-TTNO.j j . 


10. Write ec|U:itirms showing the prcparalion of acetic neiil and livdro- 
lluone acid 1mm tlieir sodium salts. 

\\V may usually use any other salt of the volatile acid we are to 
prepare instead ol tin- sodium salt. Instead of sulfuric acid, we 



0 


’1 


cz~~ 


1 


-I 


1 


Em. 39. Preparation of 
hydrogen chloride. 



acid. 


may employ phosphoric acid. In case the acid used as a reagent 
in preparing the \olatile acid is itself volatile, a mixture of both 
acids distills over into the receiver. Furthermore, care must lie 
taken that, the acid we use does not react with the one we arc to 
product 1 (§ 301c). 


It. What, is nhtnmcd in Ihc receiver when sodium acetate is distilled 
with an excess of In A’oehlonc acid? 

1-. Write and balance an equation for the preparation of nitric acid from 
calcium nitrate, CniNO,);, using phosphoric acid, the other product being 
calcium acid phosphate, ('aIlPl) 4 . 


106. Bases. —The subst ances called bases arc in 
with acids: 


sharp contrast 
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1. Bases cause indicators to change to a different color from 
that shown in the presence of acids. Thus, all but the least active 
bases turn red litmus blue. 

2. Solutions of the most active bases (the alkalies) feel soapy, 
and have a biller (alkaline) taste. (One needs to make sure that 
they are sufficiently diluted with water to be safe to taste*.) Exam-, 
pie, a dilute* solution of sodium hydroxide, NaOII (also (railed lye 
or caustic soda). 

3. Bases react with acids to form salts and water: 

XaOII+lin^XaCd+IIjO. 


Sodium 
hvdl oxide 
la liasr; 


Sodium 
i Morale 
(a halt) 


Most of the important base's are metallic hydroxides * (tied is, 
substances e*e>mpose*d of a metal in combination with the* hyelroxyl 
radical, OIIj. Examples: 


NaOll 

Sodium 

hydroxide 


KOI I 

T’fit usMiim 
li\ dioxide 


(*.• 1 ( 011 ): 

C’:ilf in in 
lndroxide 


Fc(OIl) 3 

I'Vrrie 
hi droxide 


But in ammonium hvelreixiele*, Nil d HI (and in some* le*ss important 
bases) a group of nem-metallic atoms (lie*r<* the* ammonium group, 
Nil}) plays tlx* part of a me*tal. Sue-h a gremp is calle-el an elec¬ 
tro-positive radical. 

The prope*rtie*s just given, which all bas^s have in common, are, 
assumed to be the prope*nie*s of hydroxyl-ion, Oil ", sine*e* this is the 
only ion that is common te> solutions of all bases of what,e*ve*r kind. 
Thus, a base may be* ele*fine‘el (1) by staling the* chief properties 
common to all base's; or (2) by stating lhat a base is any substance 
that dissociates in such a way as to furnish hydroxyl-ion, when dis¬ 
solved in water. 

Compare with the definition of the word “ base,” in a good dictionary. 

107. Active and Inactive Bases.— Base's, like* aeriels, eliffer 
enormously in the ele*gre*e to which they display the*ir charaeter- 
istie properties. To make* a fair e*omparison, we must. prepare 
solutions of equivalent concentration, that is, solutions in which 

* An older view, which still lingers in many hooks dealing with the* indus¬ 
trial applications of clicnnstrv, regards the- convspnnelmg metallic o.rnicn 
(NaiO, k .O, C'aO, as base's. It is Letter to call them base-forming 

oxides, or basic oxides 
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equal volumes are capable of reacting with equal weights of some 
given acid. We then find that the group of extremely soluble 
bases called alkalies LiOII, NaOH, KOI I,— (1) affect indicators 
more readily, (2) taste more distinctly alkaline, and (3) react more 
completely with acids than other bases do. Wo express this by 
saying that, the alkalies are extremely active bases. We explain 
their activity bv assuming that they an; very largely dissociated 
into ions, in dilute solution; 

- NaOH ^-Na+d-OII- 

Tlms, at any given moment, most of any dissolved sample of 
sodium hydroxide exists as ions, X;i h and Oil , rather than as 
molecules, Na( )H. 

Ammonium hydroxide, by all these tests, proves to be com¬ 
paratively inactive. Wo assume that it is very incompletely 
dissociated into ions, in dilule solution: 

NlhOII NIIW+OII- 


At any given moment, very little of any dissolved sample of 
ammonium hydroxide exists as ions, Nlh h and 01I~. 

Memorize the following: 


. .. Someirhat Less Actire 

Artur Hu sex 

liases 

Lion ('a(Oll)j 

NaOH SrtOH )■> 

KOll Ba(OlI)- 


Slightly Actire 
liases 

NlhOlI 

Mg(()ll)o 

AKOIIla 

Hydroxides of the 
heavy metals * 


IT Name Ike Bases listed here'. Write ionic equations to express the fact 
that aluminum hydroxide is much less active than calcium hydroxide. 


108. Preparation of Bases. —The three chief methods for pre¬ 
paring bases are: 

1. By direct union of metallic oxides with water: 

( , aO + IIjO = ( , a(On) 2 . 

Calcium 

hydroxide 

* Such as iron, copper, lead, and other metals occupying the middle por¬ 
tion of the I’vnotiic Tahlt, printed on the buck, cover of this text. 
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This is the process of “ slaking lime,” familiar to everyone who has 
seen plaster prepared (§4/)(i). 

2. 15v action of active metals on water: 


Mg+2]Ii>0- Mgi'OTIb+IIj |. 

MtiKiif'ium 

lijtlmxidi* l 

This is one of our general methods for preparing hydrogen (§ (»(>). 

1 I Explain wliicli melaS '§ 7'Ji arc Miflicicntly activc <n decompose wider, 
la. ilow many mole" oi wafer are needed tn produce one mole of man- 
nedum hydroxide? What actual weight of water i* tins lor «‘ach mole of 
mufrnesium hydroxide? \\ hat actual weight of water lor each gram of mag- 
nesium hydroxide - * 

Hi. Write and halance equation" for flic action of jxitassium, calcium, and 
aluminum on water (formulas in it 107). 

it. By action of oilier liases on salts. If the reaction is to be 
complete, a precipitate or a slightly active base must be formed. 

( a) Precipitate b an insoluble base (hydroxide of magnesium, 
or a heart metal): 


MgS<)4-f-2Xa01I = Na : >S()|-l-Mg(()II)j \ . 

Fe( *l;; + dX Il.|( )I I — dXI 1 d'l-b Fe(( >11J.; | . 

(b) Precipitate is an insoluble salt: 

Xajf( ;d< )II)i> —2Xa()11 f('aC() ;! I . 

This is a method by wliieh sodium hydroxide has been prepared 
(§ 43o) for thousand.- of years, for tlie manufacture of soap. 

(r) A slightly active base is formed: 

XII t f H XaOII — Xa( 1+ XII d >11. 

\ ..lll'lll IV 

U.(ll\t liHhC 


This reaction is of practical .advantage whenever we wish to make 
a faintly alkaline solution still less alkaline. V} e merely add any 
ammonium salt. 

Solutions of ammonium hydroxide are generally prepared by 
dissolving ammonia gas, Nil;,, in water. 


17. "Write equation. W hy is ammonium hydroxide called a hypothetical 
base (§ l(id)? 
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109. Salts. —Beview (§ 101). Whenever an acid acts on a 
metal or a base, one of the products is a salt. A salt is thus a sub¬ 
stance that is derived from an acid when the hydrogen of the acid is 
displaced by a metal, or replaced by the metallic part of a base. 

Most salts are, crystalline solids, which may or may not contain 
water of hydration (§ 70). Salts containing Cr, Mn, Fe, Co, Ni, Cu, 
are usually colored. Salts containing only the oilier common ele¬ 
ments are usually white. (Find these six metals in the Periodic 
Table, printed on the back cover.) 

IS. Clive the formulas of tin* following sails, met in preceding work: 
Sodium suliate, sodium acid sullale, sodium mtiale, sodium acetate, copper 
sulfate, barium sulfate, zinc chloride. 


All salts are composed of metals or electro-positive radicals, 
in combination with non-metals or electro-negative radicals. 

Otherwise expressed, all salts, when dissolved in water, dissociate 
in such a way as to furnish two kinds of ions: (1) metallic (electro¬ 
positive) ions—including ammonium ion, Xlli 1 ; and (2) noi> 
mctallie (electro-negative) ions. Salts, unlike acids and bases, 
have no general properties, since no one ion is common to all of 
them. Thus, solutions of certain salts taste salty, others bitter, 
sour, or “ metallic.” (Many salts are dangerously poisonous.) 
Solutions of salts also vary in their action on indicators, some turn 
blue litmus red, others turn red litmus blue, while many have no 
action. Finally, salts vary enormously in their solubility in 
water. One gram of water will dissolve almost 5 g. of zinc chloride 
but. only about a millionth of a gram of silver chloride, at room 
temporal lire. 


10. Explain whv elect ro-posit ive and electro-negative ions are so called. 
Give exam pies 

■JO. Draw up a detiiiilinu for the word salt, based on the ions that salts 
can furnish, lml worth'd in such a wav ;it- to exclude acids and liases. Compare 
with the definition given in the dictionan. 


Evidence goes to show that salts (with very few exceptions) 
are, almost completely dissociated when dissolved in water. 

21. Write equations expressing this fact for Na(M and for Na-SO*. 


110. Acid, Basic, and Normal Salts. - When an acid is treated 
with a limited quantity of a base, it often happens that only pa it of 
the hydrogen of the acid is replaced by the metal contained in tlio 
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base. Thus, when sulfuric acid is treated with a limited quantity 
of sodium hydroxide, only one of the two hydrogen atoms in 1 lie 
molecule of sulfuric acid is replaced by sodium. Thu product, 
NallSO-i, is an acid salt. 


IhS< > 4 4 NaOl I = Nal IS( )H II‘>0. 

Sodium in id 
.sulfate 


If an excess of sodium hydroxide is use*d, both hydrogen atoms ar * 
replaced by sodium, and we get a normal salt, NajStb. • 

22. Write* mid balance* equntion. 

2.‘i. W rite ;ilie 1 balance three <*r|ii:itions for tin* jjietion of sodium hydroxide 
on phosphoric acid, in such a wav that one, two, and three atoms of hydrogen, 
respectively, 111 each moleeule of the acid, are replaced b\ sodium. 

Acid salts, therefore, are those formed when only a pari of the 
hydrogen of an acid is replaced by a medal. They share the 
prope'rties of acids in that they still contain hydrogen replaceable 
by metals. But note that acid salts do 110I necessarily react acid 
toward litmus. They do so only when flit' acid from which they 
arc derived is at least moderately active. 

24. Which of the follow ing acid salts will probably react acid toward litmus, 
and why? NalLSOi, NalK'Oj, NnllSO.,, Nall Id. 


Conversely, wh(*n a base* is treated with a limited quantity of an 
acid, it. sometimes happens that only a part of the* hvehoxyl groups 
of the base arc reflated by the non-medal or e*le*e*tre»-ne*gative rael- 
ical containerl in the* aciel. Thus, zinc liyelroxiele*, whe*n tre*ate*el 
with a limited quantity of hydroehlorie* aeiel, forms basic zinc 
chloride. 


Zn(Oll) M +11(1 - Zn foil )('1 -4-11 > 0 . 

n.-ixii- 71 nc 
chlundi: 


Basic salts are* accorelingly salts containing hydroxyl or oxygen * 
that is replaceable by non-medals or non-medaHy* radicals. Other 

*A salt containing oxygen, rather than hydroxyl, replaceable by non- 
medals, would be called an o.n/-.s alt by some chemists. Actually, no such dis- 
tinction ihould be made;. For basic* salts, like most bases, contain an indefi¬ 
nite quantity of water (§471), and are* thus only ve;ry inaccurately repre*- 
8ente.d b ■ t la* ."ormulas commonly assigned to them. As this water is removed 
they pj'ss over imperceptibly into the so-ealled oxy-sults. 
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examples aro basic ferric acetate, Fo(OII) 202 lIn 02 , and basic load 
carbonate Pb(()II)2-2Pb(X)a (an important paint pigment, called 
“ white* lead,” § 580). It is a common practice to write the 
formulas of basic salts in this way, as if they wore combinations of 
a metallic hydroxide* or oxide with a normal salt. Basic salts 
rarely re*aet alkaline toward litmus. 

A normal salt is one containing neither hydrogen replaceable* 
by metals nor hydroxyl (or oxygen) replaceable by non-metals. 

Example*: K(/l, (Nil.,)-SO.,, C , a(N0 3 ) 2 , MgafPO-Os. Solu¬ 
tions of neftinal salts vary in their action on indicators (§ 113). 

25. Name these salts. Name, and give the formula of, the arid and base 
from which each is derived. \N Inch of these acids is the least active? Which 
of these bases? 


111. Solubility of Salts. —Beactions in which soluble substances 
interact to produce insoluble ones have two great practical advan¬ 
tages. (1) They are always complete (§ 08). (2) The insoluble 

product (a precipitate) may always be separated from other prod¬ 
ucts, merely by lilt rat ion. Accordingly, many of the operations 
of Analytical (hemistry and many important applications of 
chemistry to industry make use of reactions of this type. A sim¬ 
ple Table of Solubilities is worth committing to memory: 

1. Sodium, potassium and ammonium salts are soluble (with 
rare exceptions, §444). 

2. Nitrates and acetates are soluble (except a few basic nitrates 


and acetates). 


3. 


The following salts, 


among many others * are very slightly 


soluble: 




(<•) 

ArH 

TTgOl 

PbCl- 


Silv or 

Mercurous 

T.eud 


i blonde 

cblundc 

chloride 

(b) 

PbS0 4 

raS() 4 

BaS0 4 


i ..lid 

Calcium 

Ibirium 


bulfulc 

bulluto 

bulfute 

(c) All carbonates and phosphates, except those of sodium and 

potassium. 

Kxamples: 




CuCO ;j 

MgCOa 

MnCOs 


Copper 

MiiKiicMimi 

Manganese 


ciuboniilc 

caiboiuitc 

carbonate 

* A more 

complete list of insoluble salts, given in 

§ 42Q, is best studied at 

the beginning of a course in 

Qualitat ive Analysis. 




122 


ACIDS, BASKS, AND SALTS 


(d) Sulfides and hydroxides of all the heavy* metals. 


amples: 

CuS 

AftiS 

FeS 


Copper 

Silver 

Ferrous 


Slllfule 

sulfide 

Millu le 


(black) 

(brown) 

dial k blow ill 


Ex- 


20. From the* general statement in § 109, determine which of those insol¬ 
uble salts arc white, ami which colored, and make penciled notes m the hi ile 
above. 

27. Explain the meaning of the single and double stars in the 'Table >f 
Solubilities that faces the back cover of this text.. (See printed matter, below 
the table.) * 

2S. What figure is there given for the solubility of lead chloride, in moles 
per liter? 

29. How many grams of barium sulfate will dissobc in 100 liters of water? 


112. Preparation of Salts. —Of the m:my different methods for 
preparing salts (§ 427) we shall here mention six: 

1. Metal and non-metal. Metals unite directly with non- 
metals, to form stdts. Tims, powdered iron, when heated with 
powdered sulfur, combines with the sulfur to form a brittle, dark- 
brown solid, ferrous sulfide. 


Fe+S = EcS. 


2. Metaland acid. Active metals will react with non-oxidiz¬ 
ing acids to form a salt and hydrogen. (Review § 72.) 

30. Name two oxidizing and two non-oxidizing acids Which of these 
will react with zinc' 1 Which with copper? In which eases will hydrogen 
be evolved, and m which some gas other than hydrogen? 

3. Metal and salt. Metals react with the stilts of other metals, 
less active than themselves, in such a way as to displace the less 
active metal. Iron is more active* than copper (§72). Tims, a 
sheet of iron, placed in a solution of copper sulfate, soon becomes 
covered with a bright coating of metallic copper. Some of the 
iron has reacted, displacing copper from the copper salt: 

Fc+CuSCb = EeSO.i-fCu. * 

Ferrous 

bullalc 

* The heavy metals are iron, copper, lend, and oilier metals whose symbols 
appear n: i!ic middle portion of the Periodic Table, on the back cover of this 
book. 
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31. What, actual weight of iron is needed to prepare one gram-atom of 
copper l>v this method? What weight, of iron for one gram of copjier? 

32. Name throe other metals which are more active than copper, and 
which therefore displace copper from a solution containing any copper salt. 

33. Explain why solutions of zinc salts may be kept in copper tanks, while 
solutions of silver salts may not. 

4. Base or metallic oxide and acid. A reaction between a base 
and an acid, to produce a salt, and water, is called neutralization.' 
Since the distinctive properties of both acid and base disappear 
as a result of the reaction, each is said to neutralize the other. If 
a normal salt is formed, the neutralization is said to be complete; 
otherwise 1 it is incomplete. 

34. Write and balance an equation for the complete neutralization of sul¬ 
furic acid by sodium Indroxide. How many moles of sodium hydroxide are 
needed for each mole of sulfuric and? 

35. If one mole of sodium livdroxuh' is used for each mole of sulfuric acid, 
what salt is formed? 


Sometimes the term neutralization is extended to include the 
interaction between an acid and a carbonate, to form a salt, water, 
and carbon dioxide. (This illustrates Method 5, which follows.) 
Thus, 1h(' housewife may neutralize the arid of sour milk (lactic 
acid) by soda (sodium carbonate); and tin* fanner may neutralize 
acid soils by applying finely ground limestone (calcium carbonate). 


30. Write and balance an equation for the complete neutralization of 
acetic acid by sodium carbonate. I low many moles of acetic acid are needed 
for each mole of carbon dioxide gas liberated? 


r>. Salt and acid. A salt may react with an acid to form 
another salt and another acid. If such a reaction is to be prac¬ 
tically useful, it must be complete. This means that, the acid to be 
produced must be colatilc or slightly active. 

NaNO ;5 + II.*SOi = NallSO-i+TINOa f . 

We were formerly interested in this reaction as a means of pre¬ 
paring a volatile acid, nitric acid (§ 10.Y). Now we see that it is 
also a useful means for preparing a salt; for when the acid is dis¬ 
tilled away, sodium acid sulfate remains behind in the receiver. 

Another example, in which the completeness of the reaction is 
due to t he slight activity of one of the products, is 


i\ti.iCjt 3 o 2 +h( i= Nii4Ci+iicvr.f0 2 - 


All active 
acid 


•\ slight I v 
active acid 
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This reaction is of practical advantage whenever we wish to make 
a faintly acid solution still less acid. We merely add any salt 
of any slightly active acid (for example, any acetate.) 

6. Salt and salt. Two salts may react together to form two 
other salts. If the reaction is to he complete, however, one of the 
two salts formed must he insoluble. It will then separate as a 
precipitate (§ 08); 

CaCl 2 +Na 2 C0 3 = 2NaCl+CaCO :i j . 

Note that in this reaction the calcium and the sodium exchange 
places. The calcium, originally combined with chlorine, goes into 
combination with the carbonate radical; and the sodium, originally 
combined with the carbonate radical, goes into combination with 
chlorine. Reactions of this type, in which a metal exchanges 
places with another metal (or with hydrogen) arc cases of double 
decomposition. The term is in common use, but is somewhat mis¬ 
leading, for the process is really one of double replacement.—each 
metal replaces the* other. 

37. Write :m equation fur a reaction of neutralization, and show that 
neutralization is a special ease of double decomposition. 

Sometimes double decomposition is of use when one of the two 
products is not insoluble, but merely less soluble than the other. 
Thus, when sodium nitrate and potassium chloride are mixed, a 
double decoinpostion takes place, resulting in two soluble salts. 

NaNOs+KCl <=* KNOa+Nad 

The reaction is therefore incomplete; but one of the two products, 
NaCl, is much less soluble than tin* other, and crystallizes out first 
if the solution is evaporated. If those crystals arc removed by 
filtration, the remaining mother liquor can be made to yield 
KNOa, which may lx* purified by recrvstallization (§97). (For 
the details of such a process, consult a laboratory manual.) The 
incomplete double decomposition thus be comas of some practical 
use, after all. 

38. From the following list of soluble substances, select eight pairs of sub¬ 
stances that r»‘aci to produce a precipitate when their solutions are mixed. 
Namet'e praipituic in eaeh ease. Name the soluble, substance produced in 
each case. Silver nitrate, barium chloride, sodium phosphate, zinc sulfate, 
ammonium sulfide, calcium hydroxide, and potassium carbonate. 
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39. The, “ ehromc yellow ” of street ears and yellow cabs is an insoluble 
salt, lead chromate. Name two soluble salts which should react to produce 
“ chrome yellow/’ when their solutions are mixed. 

The ionic interpretation of these six methods of forming salts, 
(§ 138), may be introduced next, if desired. 

113. Hydrolysis.—Review the last item of § 88. Many sul>- 
stances react with water in such a way as to produce two new sub¬ 
stances, one of which contains hydrogen, the other hydroxyl , 
derived from the water. Such reactions are cases of hydrolysis. 
For example, when phosphorus trichloride is poured into water, 
there is a violent reaction: 

Pa 3 +3HOII = P(OTT) 3 +3Ha. 

Phosphorus I’horphorous 

trichloride acid 

The original phosphorus trichloride is here completely hydrolyzed. 
One of the two reaction products, phosphorous acid, contains 
hydroxyl, derived from the water; while the other reaction product, 
hydrochloric acid, contains hydrogen, derived from the water. 

Hydrolysis is of groat importance in the applications of chem¬ 
istry. Thus, cotton or linen cloth is generally treated, before 
dyeing, with a chromium, aluminum, iron, or copper salt (called a 
mordant). By hydrolysis, a basic salt or metallic hydroxide is 
formed, and is precipitated upon and within the fibers: 


( V(C2H3()2)3+2IIOIl = C V(0IT)2r 2 H 3 02+2IIGH 3 02. 

Chromium Jhisic ehron 

acetate . acetate 

floods thus treated are dyed more readily than untreated cotton 
or linen, and the dye taken up is less readily washed out; for the 
basic salt clings firmly to the fiber, and the dye, in turn, to the 
basic salt. Something similar happens when chromium salts are 
employed in tanning leather. 

Again, many baking powders owe their action to the fact that 
they contain hydrolyzable salts (such as alum). The acid set 
free by hydrolysis acts on the other ingredient of the baking 
powder (sodium acid carbonate), releasing carbon dioxide gas, 
which causes the dough to rise: 

NallCO.j + 112 SO 4 = NaIIS0 4 +H 2 0+Cb 2 f . 
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Finally, most, of the ingredients of our food are hydrolyzed 
during the process of digestion. Thus they {ire converted into 
substances of simpler chemical composition, which find their way 
through the intestinal walls into the blood stream, and there are 
built up again into living tissue. 

In the special cast' in which salt# are hydrolyzed, wc may 
regard hydrolysis as the reverse of neutralization: 

Xciitr:ilix;i<Kin 

Fe(<)IIh-f :>I1( ’1 ^ Ked.-i+dHOlb, . 

Jt:iM A fill Suit Wnlor 

JLI.\ ilrolj t>it> 


Not all salts are hydrolyzed by water, however. In any par¬ 
ticular east', recall whether the acid and base from which the salt is 
derived by neutralization are active or inactive. A salt deri\ed 
from an active base and an active acid is not noticeably hydrolyzed. 
If either the base or the acid is slightly active, the salt will be 
partly hydrolyzed. If both acid and bast' arc slightly active, the 
salt will always be very largely hydrolyzed. For example, common 
salt, Nad, which is derived from an active base (NaOII) and an 
active acid (Hd) is not hydrolyzed by water. (Think what might 
happen to marine lift' if the case were different.) Zinc sulfate, 
derived from a slightly aclivc bast' and an active acid, is partly 
hydrolyzed. Aluminum carbonate, derived from a slightly active 
bast' anti a slightly active acid, is almost, completely hydrolyzed. 


40. Write' ;m ('filiation for the hydrolysis of zinc sulfulc, in such a way as 
to show that the hydrolysis is incomplete. 

41. Is sodium fluoride, XaE, slightly or almost completely hydrolyzed, 
and why? 

42. Name two salts that should not lie appreciably hydrolyzed hv water; 
two that should be partly hydrolyzed; two that should be very largely hydro¬ 
lyzed. 

(The ionic explanation of hydrolysis, §§ 267 266, may be in¬ 
troduced here, if desired.) 

114. Action of Salt Solutions on Indicatory. — What we have 
just said concerning the hydrolysis of stilts gives us a clue to the 
action of solutions of different salts on indicators. Solutions of 
normal salts affect indicators only when these salts are somewhat 
hydrolyzed —for the reason, of course, that normal salts contain 
no replaceable II or OII, and therefore cannot furnish hydrogen- 
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ion or hydroxyl-ion except an a result of interaction with water. 
There an 4 four cases to consider. 

1. Normal salts derived from active acids and active bases. No 
appreciable hydrolysis, and the salt solutions therefore neutral. 

2. Normal salts derived from active acids and slightly active 
bases. Slight hydrolysis, producing equivalent amounts of acid 
and base: 

('uS0 4 +2I1()11 <-i C\i(OI 1 ) 2 +H 2 K(> 4 . 

But the acid Ihus produced is more active than the base. Accord¬ 
ingly, though acid and base are present, in equivalent total concen¬ 
tration (§ 103), more hydrogen ions will be present in the solution 
than hydroxyl ions, and the solution will react somewhat acid 
toward sufficiently sensitive indicators. Actually, the base from 
which the salt, is derived must be less active than ammonium 
hydroxide, if the solution is to affect litmus—turn blue litmus red. 

3. Normal sails derived from slightly active acids and active 
bases. Slight hydrolysis, resulting in equivalent amounts of acid 
and bast 4 : 

Na 2 COa+2IJOII 2Na0II+H 2 C0 3 . 


But. tlu 4 base thus produced is more active than the acid; hence 
more hydroxyl ions will be present, than hydrogen ions, and the 
solution will react, alkaline toward sufficiently sensitive indicators. 
Actually, the acid concerned must be* less active than acetic acid, 
if the solution is to affect litmus— turn red litmus blue. 

4. Normal salts derived from slightly active acids and slightly 
active bases. Considerable hydrolysis. The resulting solution 
will be neutral or faintly acid or alkaline, according to the relative 
activities of acid and base. 

The preceding discussion relates to t Ik* reaction of solutions of 
normal salts. Acid salts react acid toward litmus if the acid from 
which they art 4 derived is of moderate activity; otherwise they 
may react neutral or alkaline, as a result of hydrolysis. Soluble 
basic salts react, basic if derived from abase of reasonable activity; 
otherwise they may react, neutral or acid, as a result of hydrolysis. 


43. What, will he the reaction of solutions of the following salts toward 
litmus, and why? Ammonium acetate, sodium sulfate, potassium carbonate, 
zinc chloride, ferric nitrate, potassium cyanide (derived from 11CN), ammo¬ 
nium sullidc (derived from IBS), and calcium acetate. 
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44. Toll how one may determine, from the; reaction of the sodium salt 
of an acid, whether the acid itself is active or slightly active. 

45. Toll how one may determine, from the reaction of a chloride salt., 
whether the base from which the salt is derived is active or slightly active. 


116. Titration. —Whenever a definite weight of one substance 


reacts with (or is prepared from) 





Fig. 41.—Titrating a base with an acid- 

g. of sulfuric acid, there would lx 
ide, of about 5 g. 


a definite weight of another, the 
two weights are said to lx; 
chemically equivalent. If to 
a given weight of one sub¬ 
stance, A, we add •more than 
the chemically" equivalent 
amount of another substanee, 
B, we are said to have em¬ 
ployed an excess of B. This 
may happen even though the 
weight of B is less than that 
of A. Thus 2 moles ( = SO gd 
of sodium hydroxide are 
chemically equivalent to 1 
mole (= 08 g.) of sulfuric acid, 
in the reaction: 

2NaOII + IU.S(),= 

Xa a SO.i+2Il2(). 

Then, if wc should use S5 g. 
of sodium hydroxide wilh OS 


an excess of sodium hyelrox- 


46. What weight of sodium sulfate is chemically equivalent to SO g. of 
sodium hydroxide? 

47. What weight of oxygen is chemically equivalent to LOOK g. of hydro¬ 
gen? 


Very often, substances that, are to enter into a reaction art; 
brought together as solutions of known concentration, i.e., a 

ft ' 

definite; number of grams of each substance 4 in a euibic e-cuilimeder 
of solution. To eletrrmine* what weights e>f the twei substance's are 
chemically equivalent to e*aeh otlmr, we then rie'ed only note the 4 
volumes of the; solutions use;d. 


In one experiment, 25 ec. of an alkaline solution, known to contain 0.010 g. 
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of sodium hydroxide in cadi cubic centimeter, were carefully measured out 
and discharged into a beaker; then a few drops of an indicator solution were 
added. On adding a dilute sulfuric acid solution from a buret (Fig. 41), 
26.10 cc. were needed for neutralization. 

This acid solution was known to contain 0.0464 g. of sulfuric acid in each 
cubic centimeter. Thus, altogether, there were used 25X 0.040 = 1.000 g. 
of sodium hvdroxidc and 26.40X0.0161=1.225 g. of sulfuric acid These 
weights of acid and base are therefore chemically equivalent. 

Aii experiment in which the volumes of reacting solutions are 
measured and compared is called a titration. 

Normr.il solutions, §§ 148-151, may he introduced next, if 
d (‘sired. 

116. Salts in Industry.— Many salts are found in practically 
inexhaustible deposits, in nature, l our of them are the basis of 
some of the world’s greatest industries, which involve investments 
of billions of dollars. 


Sails 

NaCl 

((‘(>111111011 .sail) 


CaCOa 

(Lum.'hlout 1 ) 


Snhsla rices 

Tnpnrcil from Uses of These Substances 

Ho se Sails 

Na< >11 Son]), rayon (artificial silk), paper, 
(.(_auhtn .-»da) m( ,| a ]|j,. sodium, sodium peroxide; pur¬ 

ifying petroleum and vegetable oils. 


Nn >( ();> 

(’.lass, water-glass; softening water; 

(soda) 

neutralizing acids. 

Na i>St) 1 

(llass, textile-, paper. 

(Sodium 
sull.it I ') 


n,> 

Bleaching; disinfectants, dyestuffs, 

((‘liloriiii-) 

chloroform and many other organic 
chlorine compounds; purifying drink¬ 
ing water. 


IK’! 

(Hydrin liloric) 
arid 




Cleaning metal surface's; purifying 
hone-black for refining of sugar. Dye¬ 
stuff industry. 

Limestone itself is used for building 
stone, Portland cement, and prepara¬ 
tion of iron, zinc, and copper from their 
on's; and to neutralize acidity, in 
agriculture and other industries. 



130 


ACIDS, BASES, AND SALTS 


Salts 

CaC0 3 


Substances 

Prepared from, Uses of These Substances 

these Salts 


(\a() 

(Quicklime) 


Piaster; manufacture of soda, leather, 
paper, sugar, glass, bleaching powder, 
caustic soda, carbonated drinks. Re¬ 
frigeration; purifying coal-gas. 


OaCb Manufacture of acetylene, jinunonia 
(C .”Irim'ie) find other nitrogen compounds; ferti¬ 
lizers, acetic acid, solvents. 


CaSO i 2Hi>0 

(Clyphum) 


Plaster of Paris, stucco, wall-board, 
interior decorations, ])aper, Portland 
cement, paint, molds used in the man¬ 
ufacture of pottery and porcelain. 


FeSs II2SO4 Preparation of most other acids; 

jii pynte) superphosphate fertilizer: storage cells 

for automobiles; purifying petroleum. 
See § 213. 


117. Summary.— 

Constituents Ions Yielded 

Acids Hydrogen -f- II 1 and elec- 
electm-neg- tro-negative 
alive radical ion 


Characteristic, 
Properties 
Litmus turned red. 
Sour taste. 

Bead with metals. 
Neutralized by 
liases. 

Catalyzers for 
many react ions. 


Preparation 

Non-inetallic ox¬ 
ide -(- water. 

Salt of volatile 
acid -f- less vol¬ 
atile acid. 


Bases Metal + by- Metallic ion Litmus turned Metal + water, 
droxyl and OH" blue. 

Bitter taste. « Metallic oxide -f 
Neutralized by water. 

acids. Salt -1- another 

base. 


Salts Motrj -f- elec- Metallic ion + No general prop- See § 112. 

tro-negat've electro-neg- parties, 
radical ative ion Hydrolysis § 111i. 
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Commit to memory: 

List of active and slightly active acids, § 103. 

List of active and slightly active bases, § 107. 

Colors of salts, § 109. 

Rules concerning solubility, §111. 

Methods for preparing salts, § 112. 

Reactions of solutions of normal salts toward litmus, § 114. 


EXERCISES 


1-17. Review the preceding questions of this ehsipter. 

IS. Name three plant, juices that contain noteworthy quantities of acid. 
Is the sour taste of those juices an indication of the total amount of base that 
a given volume of juice can neutralize? Why, or why not (§ 273)? 

49. Describe the inversion of cane sugar ($ 371) and tell how the process 
might be used to compare the activity of two different, acids. 

fit). A solution of potassium chlorate is neutral toward litmus. One of 
potassium hypochlorite is strongly alkaline. What conclusion may be 
drawn, and why, concerning the relative activities of the two acids from 
which these salts are derived? 

51. Draw up formal definitions of the following terms, then quote the 
most nearly corresponding definitions given in the dictionary: Neutraliza¬ 
tion, hydrolysis, dissociation, indicator, titration, ion, volatile. 

52. When are two acid solutions said to be of equivalent concentration? 

53. When is a basic solution of equivalent concentration to an acid solu¬ 
tion? 

54. Write and balance an equation for the complete neutralization of sul¬ 
furic acid by sodium hydroxide. What weight of sulfuric acid must be dis¬ 
solved in a liter of water to prepare a solution of equivalent concentration to 
one containing one mole of .sodium hydroxide in a liter? 

55. Mention five tests by which the activity of two acids may be compared 
directly. Mention another test, dependent, on the reactions of solutions of 
their sodium salts toward indicators. 

50. Write an equation for the neutralization of a base by a slightly active 
acid. I'se this equation to explain the relationship of neutralization to 
hydrolysis. 

57. Which salts are largely hydrolyzed by water, which slightly hydro¬ 
lyzed, and which are not hydrolyzed at all? (live examples of each class. 

58. Which of the salts listed in question 43 (§llt) are neutral toward 
litmus, hut. would probably be found to be alkaline or acid toward indicators 
more sensitive to JI f »or Oil"? 

59. Are II 4 and Oil" properly referred to as substances? Why, or why 
not? 

00. What are the characteristic properties of hydrogen-ion? Of hydroxyl- 
ion f 

01. When are the names of ions hyphenated, and when not? Illustrate. 

02. Tell how sodium hydroxide is most, readily prepared from sodium car¬ 
bonate. 
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63. Best a to the last, two sontenees in § IDS in terms of ions. (See last, 
paragraph ot § J01.) 

64. Tell how each of the following acids may he prepared: Andie acid, 
phosphoric acid, nitric acid, sulfnrous acid, hydrochloric acid. \\ rite equa¬ 
tions. 

65. T ell how c*aeh of the following bases may he prepared: Sodium hydrox¬ 
ide, calcium hydroxide, magnesium hydroxide (:t ways). 

(if). Which of the six methods that have been discussed for the preparation 
of salts will apply to each of the following: Sodium chloride, magnesium sul¬ 
fate, potassium acetate, lead chloride. Write equations. 
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118. How to Derive the Formulas of Salts from those of Acids 

and Bases.--- Whenever an acid neutralizes a base, each II atom 
from Ihe acid combines with one OH group from the base, to form 
1I01I. Accordingly, the number of II atoms (and ions) furnished 
by the acid must be equal to the number of Oil radicals (and ions) 
furnished by the base. The metallic part of the base and the non- 
metiillic part of the acid then remain in the solution as ions of the 
corresponding salt. 

This gives us a method by which the formulas of salts may be 
derived. For example, let us derive the formula of magnesium 
phosphate: 

1 . Recall the formulas of the base (§ 107) and the acid (§ 103) 
from which tin* salt- is derived bv neutralization. 


Mu(( )1I) • 


H,P () 4 


2. Note how manv molecules of base and of acid must be taken 

» 

to oblain equal numbers of OH and II. 

In Ihe given case, , r > molecules of base and 2 of acid will furnish 60H and 
«11. The solution \\ill then contain i> Mg 4 * ions and 2 PC) ions. 

3. Write the formula of the salt by assuming that the metallic 
ions and lion-metallic ions then remaining combine with each other 
(as they would do if the solution were evaporated until the salt 
crystallized out). 

IlMg* 1 combines with 2PO* to form Mg,j(P 0 4 ) 2 . 


As another example, note that aluminum sulfate is derived 
from Al(OlI):? and Hi>SO.|. To get equal numbers of Oil and II, 
wo must, take 2A1( 1 )II):? and liHuSO-i. We then have left 2A1 +++ 
ions, which combine with 3 SO.i ions, to form AH(S(> 4 ) 3 . 

m 
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1. Check the following formulas, by the method just outlined: 


Aluminum acetate, Al(C 2 H.i0 2 ) 3 
Calcium chloride, CaCl-j 
Aluminum phosphate, A1P0 4 
Magnesium nitrate, Mg(NO..) 2 
Ammonium carbonate!, (Nll^jCOs 


Sodium sulfate, Na^SO* 
Ammonium oxalate, (NH^C-XL 
Barium suliate, BaS0 4 
Potassium nitrate*, KNOs 
Calcium ae-etat.e*, Ca(,C’ 2 ll 3 () 2 )2 


119. Valence. —The method we have just, outlined enables us 
to derive the formulas of hundreds of salts, as soon as we have com¬ 
mitted to memory the* formulas of a very few acids and base's. 
We can apply the' process a little more' e'asilv, lmwe*ve*r, if we* make? 
use of valence- that propeaty of any atom or group of atoms that, 
determines how many atoms e>r r;ielie*als of othe*r kinds combine' 
with it. The vnlene*e* of any metal (as it. ewists in a give*n base or 
in any stilt, ele*rive'el from that, btise*) is me*tisure*el by the number of 
hydroxyl radicals with which one atom of the metal combines in 
forming the base. Thus, the valence* of sodium (in NaOII and 
all soelium salts) is + 1 ; the valeuiev e>f magnesium (in Mg(()II)^ 
and all magne'sium stilts) is +2; and that of aluminum (in A1(()H ) 3 
and all aluminum salts) is +3. (The' vtile*ne*e* of medals is consiel- 
ere*d positive, sine** t.he*y form positively chargeel ions when base's 
anel salts are* elisse>lve*el in wtite*r.) 

Conversely, the; valene'e of any ne>n-metal or lion-metnllie; 
radical (as it e*xists in ti given aciel or in any salt eleriveel fremi that, 
acid) is me*asureel by the number of atoms of hydrogen with which 
one atom of the non-metal (or one non-metallic radical) combines 
in forming the acid. Thus, the* valence* e>f C'l (in 1101 anel all 
chloriele's) is — 1 ; that of S().| (in HgSO-i anel all sulfate's) is —2; 
that of P (>4 (in H; { POi anel all phosphates) is —3. (The' vulcnco 
of non-me*ttils anel lion-metallic rtielie'.als is e:e>nsidere*el negative*, 
since they form negatively e*htirge*d ions when aciels tmel salts are; 
elissolve*el in wat.e*r.) We may note now t hat the number of charges 
on any ion (Mg 44 , C'l , »S0 4 PO 4 ) is the number indicated 
by its valence. 


2. What is the valence* of each e:le*ine*nt or raelicai in the; ten compounds 
wheise* formulas are* listed at the* close <jf the: preceding se*ction? 

3. What is tin videne-e* of JI anel Oil in HOII? (Consider waler, for the 
me*men1 as being e*ithe*r a base* or an aeid.) What is the valence* of () in 11*0? 

4. Turn to the b <t e»f formulas of ions, in § 101, and verify the fact that the 
charge carried by e:aoh agree;a with its valence. 
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120. The Rule of Valence. —Note that the word valence 
applies to individual atoms and radicals. Thus, when we say 
that the valence of aluminum, in AlafSO-Os, is +3, we mean that 
each of the 2 aluminum atoms may combine with 3 hydroxyl 
groups. We may, nevertheless, speak of the 2 aluminum atoms as 
possessing altogether +0 units of valence. 

The rule we have developed (§ 118) for deriving the formulas, 
of salts then comes to this: Write the formula of every salt in such 
a way that the units of positive valence an* equal to the units of 
negative Valence. Otherwise expressed, in every formula the 
algebraic sum of all the units of valence (positive anti negative) 
is zero. This is some! imes called the Rule of Valence. It will per¬ 
mit us to write the formulas of many other substances than acids, 
bases, and salts, if we assume that oxygen, in such compounds, has 
a constant, valence of —2, and hydrogen a constant valence of +1. 
Note that wo list* the* least possible number of atoms or radicals 
that will satisfy the Huh* of Valence, unless we have experimental 
evidence that, some multiple of the simplest formula represents 
the actual composition of a molecule. Thus wo write MgSO.i, 
not Mgj(S()4)i>; and Al(N()y)a, not AlufNOaV 


5. Check the ten formulas at the close of the preceding section, by the 
Rule of Valence. 

0. Assuming that the metals concerned have their customary valence, 
and oxygen a valence of — 2, write the formulas of the oxides of sodium, 
magnesium, and aluminum. 

7. What. must, be the valence of sulfur in 11 2 S0 4 , in order that the Rule of 
Valence may be satisfied? 

S. What must be the valence of nitrogen in NI1 4 ('l, in order that the 
Rule of Valence may be satisfied? Of nitrogen in 1JN(> 3 ? 


121. The Valence of Elements within Radicals. —Two exam¬ 
ples (7 and 8) have just been given to show that the Rule of 
Valence may be used to determine the valence of individual ele¬ 
ments within radicals. The valence of cadi element is always 
what it needs to bo in order that the algebraic sum of all the units 
of valence in the. given molecule may be zero.* For example, in 
potassium dichroiAato, l^CTAb, the two potassium atoms together 

* This rule may result in a different, valence for carbon thun the valence 
(4) that, organic chemists usually assign to that element. In any ease 
it gives merely the average valence, when several atoms ot a given kind have 
different, valences. We may regard it, merely as an arbitrary device which 
to be put to practical use in balancing equations involving oxidation and 
reduction (§ 135). 
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possess +2 units of valence, and the seven oxygen atoms —11 
units of valence. Thus the two chromium atoms together must 
possess +12 units, in order that the sum of all the unils within 
the molecule may be zero. This is +6 units of valence for each 
chromium atom, hence, we say that the valence of chromium in 
potassium dichromate is + 6 . 

Note that chromium, in the most familiar chromium stilts, has 
the valence of +3. In chromates and dichromates, however, it 
has the valence + 6 . This illustrates the fact, that metals some¬ 
times enter into and form part of electro-negative ionsV.g., the 
chromate ion, (VO 4 ; or the dichromate ion, ( Yl>< >7 ). Under 
such circumstances, metals often possess a higher valence Ilian 
they do when they form electro-positive ions of bases and 
salts. 


9. Workout the valence of the element other limn oxygon within the unh¬ 
eal in K l(),i, K t As()t, KOU, KM 11 O 1 , K.-t’rO^ ('a^N()..)», IK'jlI ( 

10. What is the valence of the radical itself in each of these substances’’ 

11. Write equations (§ 102) to show the manner in which these six sub¬ 
stances are dissociated when dissolved in water, being sine to give each ion a 
charge corresponding to its valence. 

12. (live an example to illustrate the proposition that the sum of all the 
units of valence within a radical is equal to the valence ol the radical as a w hole. 


122. The Valence of Metals.- Up to Ihc present moment, tin* 
list of formulas of bases, which we committed to memory in § 107, 
has served to give us the valence of some common metals; but a 
more complete list is here tubulated on the following page. In 
each case, the metal is assumed to be present as the electro-posi¬ 
tive ion of a base or salt. 

Note that whenever a metal manifests two different common 
valences, the salts that it forms in the lower valence an 4 distin¬ 
guished by the ending -ous; and those that, it forms in the higher 
valence by the ending -ic. Thus, stannous chloride flower valence) 
is SnCk, and stannic chloride (higher valence) is SnCU. Ferrous 
sulfate (valence of iron, + 2 ) is FcSO*; and ferrfc sulfate (valence 
of iron. +3) is Fe 2 (SO.i):s. 

Commit this table to memory: 
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Valence +1 

Valence +2 

Valence +3 

Valence +4 

( Univalent 

( Divalent 

(Trivalcnt 

{Quadrivalent 

Me tain) 

Metals) 

Metals) 

Metals) 

Na 

Mg 

A1 


K 

(a 

Vi¬ 


Nil* 

Sr 

ta 


Ag 

Ha 

Sb 



Mn 




. 1*1 » 



• 

Ni 




Vu 



ITg 

Hg 



(111 mcri 11 rous 
sails; 

(ill IIICI 1*111 If 
halls; 




IV 

Fe 



(III ill I on , 

Milt-.} 

(111 f( r * a- 
balls; 



Sn 


Sn 


(ill M .llllllillh 
h.lith) 


(111 .stannic 
baton 


Id. Apply the Kale of \ alenec to determine flu* valence of the metal in 
each of the follow in g formulas, I lieu give the name of eaeh substance: 
llgF*, I !«>, l<’ Kn(), KnO» 

Fe(Oll).., Kei.Oll) 11»,<>, UgO 

Mnit'JI. Xhh, MjjiC'-IUMs Eel’(> 4 , Fe.ArO.O 2 

11. Write formulas of the following: Mercuric nitrate, mercurous nitrate, 
magnesium nitrate, lerrous o\alate, iernc acetate, stannous Indroxule, stannic 
o\ide. 

l. r ». Compare* the valence of manganese in MnKO, with its valence in 
KM 11 O 1 ; and the \ah*nre ol lead in I’biCdl ().)j and l’blOllb with its 
valence in NaJ’bO,,. Which statement in § 121 is illustrated bv these for¬ 
mulas? 

1<». Ciive the* name and formula (including the charge) of the electro¬ 
positive ion furnished In • 

All mercurous salts. All mercuric salts. 

All ferrous salts. All ferric salts. 

All stannous salts. All stannic salts. 

17. Write equations to show the ionization of ferrous acetate and ferric 
acetate, respectively, being sure to give each ion a charge corresponding to its 
valence. 


123. How Valence is Indicated. - Valence is often indicated 
by small numerals placed above and to the right of the symbol of 
the element or group concerned. Tims, JIo 'S 1 *’O t indicates 
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that the sulfur in sulfuric acid has a valence of -f-6 and that 
each of the four oxygen atoms has a valence of — 2. (Occasionally, 
accents or Homan numerals art' used, and algebraic signs disre¬ 
garded: II 2 ' S V1 ()/'.) 

Valence may also be indicated, in the ease of ionizable sub¬ 
stances, bv giving the formulas of the ions that are furnished when 
the given substance is dissolved in water. For wo have already 
noted that the charge on the ion is numerically equal to the valence 
of the corresponding element, or radical. Thus, we may write 
Ab 1 ++ (S(b);{ to indicate that each of the two alunirtumi atoms 
has a valence of +3; and each of the three sulfate radicals a valence 
of —2. Some chemists prefer the one method of indicating 
valence, and some the other. 


IS Mark the* valence* of the different metals and radicals in Prolikins 
13 and 14, above. 

It). Write the formulas of the following substances, in such a way as to 
indicate the valence of each delimit: 

Potassium chlorate, phosphoric acid, potassium permanganate, mercurous 
sulfide (.valence of sulfur, — 2), mercuric nitrate. 


124. Structural Formulas. —The valence of an element, deter¬ 
mines the number of atoms or radicals of other kinds that may 
combine with one atom of the given element.. Now let us indulge 
in a flight, of fancy, and picture the units of valence possessed 
by any given atom or radical as so many mechanical connectors, 
such as hooks, for connecting it with other atoms. Disregarding 
algebraical signs, an atom of carbon (valence, +4 or —4) would 
be pictured as possessing four hooks; an atom of oxygen (valence, 
— 2) as possessing two hooks; and an atom of hydrogen (valence, 
-j-1) as possessing one hook. 

Now let us hook atoms together in such a way as to leave 
no hooks uncombined. Then, representing each combination 
of a hook with a hook by a straight line (commonly called a 
valence bond), we have structural formulas, such as the following: 


II 

1 



H—C—H 

0=0=0 

> 

1 


ir 

IT 

^lithai.r 

Carbon dioxide 

W ittcr 


II—N<( 

X II 

Amrnoiijy, 
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Fe^-o 

Cl 

I 

II 

I 

H 

1 

)>° 

H—C—Cl 

FI- C—0—II 

H-C- 

Fe^=0 

1 

Cl 

1 

II 

1 

II 

Ferric 

oxide 

Chloroform 

Methyl 

alcohol 

Aeetie 

acid 


Note that the valence of each element (disregarding its sign) 
is given by the number of straight lines that proceed from the 
symbol of the element. 

20. Show tliiit. the valence of C, O, and TI in the formulas just given, is 
in every ease that specified above. 

21. Write a struct lira! formula for formaldehyde, IICIK), that will give 
each element its proper valence. 

Note, furthermore, that the straight lines that proceed from 
any given atom may be disposed in any convenient direction. 
Their number is the important thing. 

22. Alter the formula of acetic acid, so that if presents an entirely dif¬ 
ferent appearance from that shown above, without being different with 
regard to the valence or order of connect ion of the atoms concerned. 


From all that has thus far been said, it might be imagined 
that structural formulas were the result of pure speculation. 
This is far from the truth. For when the idea of valence has 
been applied to show wind sort of structural formulas are possible 
for any given molecule, experiments are at once devised to deter¬ 
mine which of these-represents the true order of connection of the 
atoms with each other. Thus, in the ease of acetic acid, one of 
the four hydrogen atoms is known to be connected with oxygen, 
rather than with carbon; for when acetic acid is treated with 
any one of several different reagents, one fourth the hydrogen 
and half the oxygen step out together , and art; replaced by chlorine. 
Thus we obtain: 

• II O 


II—C—C—Cl 


II 

Acetyl 

chloride 
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Structural formulas arc “the architectural plans of mole¬ 
cules,” in tin' sense that they show the relationship of the different 
parts of each given molecule to each other; hut. they are hardly 
to bo considered as picturing the actual arrangement of atoms in 
space. They are very useful in that they help us to remember the 
characteristic reactions of the substances concerned. More 
important still, the unraveling of the structural formulas of useful 
substances is generally a necessary prelude to their synthesis 
from simple and cheap materials; for it. is hardly possible for us 
to.build a given molecule until wo know the plan upon which it is 
constructed. 

During the century in which chemists have been at. work on the 
subject, the structural formulas of at. least two hundred thousand 
compounds have' been worked out.. Those' given here arc' among 
the simplest. In contrast, the structural formula of a. dyestuff 
might occupy most of this page. Structural formulas find their 
chief use in dealing with organic* compounds. Among inorganic 
compounds, tlu\v are apt to he misleading, in that they fail to 
show the important difference in the nature* of the valence in 
ionizable substance's, such as SnCl 4 , as contrasted with that in 
non-ionizable substance's such as C'(’U. Moreover, they are 
based on an arbitrary assumption, which makes the valence of 
oxygen, almost always, iu'o. Very re'cently, structural formulas 
of a different kind have* been proposed, based on our present 
knowledge of the cause* of valence (§ 12.")). Thc*s<*, howe'ver, 
have not yet come into general use*, and many books still pre*sent 
structural formulas for ionizable* substances as if they were no 
different in their nature from non-ionizable ones. 

23. Work out such a structural formula for sulfuric acid, assigning to 
sulfur a valence of +0. 

125. Electrons, and what they Have to do with Valence.— 

Valence*, by its ve*ry definition, is a property of the* individual 
atoms of the elements or of groups of atoms (radicals) which act 
as individual at oms. Therefore*, if we* wish to**xplain why atoms 
differ in valence*, we* must digress few a glimpse of the manner in 
which atoms appear to he* constructed. Our fanciful picture's of 
atoms being held together by semiething like; hexjks and eye's were 
well (*iM>ugh as a me*ans of introducing the* idea of structural for¬ 
mulas, hid, after all, what does hold atoms together? 
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The first cluo oomos from the observation that all solids, 
when first suitably purified, and then heated in a vacuum, emit 
negative electricity. Thus it appears that negative electricity 
is a constituent of all atoms, of whatever kind. Furthermore, 
some very beautiful experiments * on the discharge of electricity 
through rarefied gases f have shown that negative electricity is 
no more continuous then is matter, but exists as small, equal, 
individual charges, called electrons. These electrons are the 
ultimate units of which any given charge of negative electricity 
is composed. An electric current, flowing through a wire, appears 
to be simply a stream of electrons, handed on from atom to atom, 
along the path of the current. Some idea of the extremely small 
quantity of electricity represented by a single electron may bo 
had from the statement that o(>X10 ,H + electrons stream through 
the filaments of a pair of automobile headlights, drawing 0 amperes 
of current, during each second that the current, passes. 

The presumption then, is that all atoms contain electrons. 
Some experiments, which cannot, be described here, make it seem 
probable that many of those are in the outer portion of t he atom, 
at a considerable distance from a central portion, which carries 
an equivalent amount of positive electricity. Thus the atom as 
a whole is electrically neutral. It is known that metallic atoms 
part with their electrons more readily than turn-metallic atoms. 
This is presumably the reason why metals tend to form positively 
charged ions. These are simply metallic atoms which have lost 
om; or more electrons, and which therefore have a surplus of posi¬ 
tive electricity, corresponding to their valence. Thus, Al +++ 
represents an atom of aluminum which has lost three electrons. 
Negatively charged ions, on the other hand, are simply atoms or 
groups of atoms that have gained one or more elect rons from some 
outside source. Thus, represents a group that has gained 

two electrons. 

When a molecule of sodium chloride is ionized, 


Na('l^Na++CT~, 


♦See books on the Strueture of Atoms, Ap/icndix K. 

f A rarefied gas is one tlint is confined under a very low pressure, so that 
there are relatively few gas moleeules in any given volume. 

tNamely, ,‘it», followed by eighteen zeros—thirty-six million million mil¬ 
lion. 
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we think of the process as one in which the molecule is decomposed, 
in such a way that the Na carries with it one less electron, and the 
Cl one more electron, than atoms of these elements normally pos¬ 
sess. Thus the sort of valence that is represented by electrical 
charges carried by ions—so-called polar valence —is due to the 
transfer of one or more electrons, from an atom or group of aloms 
that tends to part, with electrons, to an atom or group of atoms 
that tends to acquire them. The two oppositely charged ions tend 
to hold each other together by electrical attraction; but in some 
instances this attraction is so very much weakened by the presence 
of the solvent, (water) that the substance concerned is almost 
completely dissociated into its ions. 

The other sort of valence, represented by the union between 
atoms of a non-ionizable substance, or by the union between ato ns 
within a radical - so-called non-polar valence- is believed to be 
due to electrons that do not belong completely to either of the two 
neighboring atoms, but are shared between them, in such a way 
as to hold the two atoms together. The union between neigh¬ 
boring carbon atoms, in most, organic compounds, is an example 
of non-polar valence. 

In either case, then, atoms are held together by electrical 
forces, which are determined by the arrangement of electrons in 
the outer portions of atoms. 

24. Wh:it, two kinds of ions are furnished when Ciilcium nitrate, CafNO 
ionizes? What transfers of electrons take place (hirmp; this ionization? 

2. p >. Turn to the list of electrons in § 101, and explain the, charges that they 
carry, in terms of electrons. 

126. How Salts are Named.— (This section may lie post¬ 
poned, if desired, to be included in review, somewhat, litter in the 
course.) 

Acids and their salts may be divided into five groups, accord¬ 
ing to the relative amounts of oxygen they contain. 

I. Hydrochloric Group. 

Certain acids have names beginning with the prefix hydro- and 
ending with the termination -ic. This signifies that they cor tain 
no oxygen. The following arc important: 

Hydrofluoric acid, I1F Hydrocyanic acid, HCN 

lit droeliloric acid JJC1 Jlydrosulfurie acid (or hydrogen 

Hydrobromic acid, JIHr sulfide), IlyS. 

Hydriodic acid, HI 
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If the hydrogen in one or more molecules of these acids is replaced 
by a metal, we obtain a salt, named from the acid by dropping the 
prefix and changing the termination into -ide: 

Thus T1C1 gives NaCl, sodium chloride; 

2 11 CN gives ( 4 i(('N)l>, calcium cyanide; 

IlgS gives K 2 S, potassium sulfide. 

26. What, is t.ho valence of the element or group combined with hydrogen 
in each of the five acids listed above? 

27. Magnesium is .divalent, and aluminum trivnlenl (§ 122). (live the 
names and formulas of the sodium, magnesium, and aluminum salts of each 
of the a hove five acids, indicating the valence of each metal and radical. 
Follnu, the rule of valence. 

II. Chloric Group. 

These acids have the termination -ic, without any prefix. 
They all contain oxygen. 

Chloric- acid, IICIO3 Carbonic acid, II 2 CO a 

Cyanic acid, II('NO Oxalic acid, II 2 C 2 O 4 

Boric acid, II3BO3 Sulfuric acid, II2SO4 

Nitric acid, IIX();{ Chromic acid, HaCrO-i 

Iodic acid, 111 < ) ;i Phosphoric acid, H3PO4 

Acetic acid, IK^lIyOo Arsenic acid, H 3 A.SO 4 

The names evidently tell us nothing about the number of atoms 
of oxygen in a molecule'. Thai has to he remembered separately 
for each acid. 

When the hydrogen of one* or more molecules of one of these, 
acids is replaced by a metal we obtain a salt; its name ends in -ate. 

NaN();$, sodium nitrate; NaaClfo, sodium carbonate; Na 3 PC> 4 , 
sodium phosphate. 

2S. What is the valence of Hie radical that, combines with hydrogen to 
form each of the above acids? Write the names and formulas of the sodium, 
magnesium, and aluminum salts of the. above acids, indicating the valence of 
each metal and radical. 

III. Chlorous Cjroup. 

If an acid exists with one less atom of oxygen than the corre¬ 
sponding “ -ic ” acid, it is usually given a name ending in -ous. 

Chlorous acid, HClOg Nitrous acid, IINO 2 

Sulfurous acid, II2SO3 Phosphorous acid, H3PO3* 

* This acid is really H .(UPO.,) and its radical (IlPOa) -- , since but two of 
the three hydrogen atoms are replaceable by metals. 
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If tho hydrogen of one or more molecules of one of those acids 
is replaced l>v a metal, wo obtain a salt.; its name (‘lids in -ite. 
Example, ('a(N0 2 ) 2 , calcium nitrite. 

29. Write tin* mimes mul formulas of the sodium, magnesium, and alum¬ 
inum salts of nitrous and sulfurous acids, indicating the valence of each metal 
and radical. 


IV. Hypochloric Group. 

Occasionally \ve find an acid with tiro lew atoms of oxygen 
than the corresponding “ -it* ” acid. This will have amaine with 
the prefix hypo-, in addit ion to the ending -ous. 


Ilypochlorous acid, IK'10 Tlypophosphorous acid, IIiPOj* 

Hypoiodous acid, lilt) llyponitrous acid, IINO 


Their salts have tin* same prefix, hypo with tin* termination 
-ite. Kxample, K('lt), potassium hypochlorite. 

dO. What will he the names and formulas of the sodium, magnesium and 
aluminum salts of hypochlorou.s acid? 


V. Perchloric Group. 

We know a few acids that contain one more atom of oxygen 
than tho corresponding “-ie ” aeid. These 1 are given the prefix 
per-y and the ending -ic. 

Perchloric aeid, ITC'lOj Periodic acid, ITT( )_i 

Permanganic acid, IIAlnOif 


Their stilts have the prefix per with the termination -ate. 
Example, KMnO-i, potassium permanganate. 

31. Write the names and formulas of the sodium, magnesium, and alum- 
ilium salts ot the acids of this group. 

32. Write the names and formulas of live different acids containing chlo¬ 
rine, in the order of increasing content of owgen. Write names and formulas 
of their ferrous and ferric salts. 


The ending 
The ending 


-/^\us indicates 
lV>/wer 
-Ic indicates 
h^Lgher 


amoun^ of 
oxygen for 
1 an acid, 


valence 
for a 
metal. 


* Only one of the three hydrogen atoms in this aeid is replaceable by metals, 
t In tins and in a few other acids, the prefix does not have just the meaning 
that has Ik' ii indicated. 
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Summary: 

Arid 

liydro-ic 

hypo-ous 

-ous 

-ie 

per-ic. 

Sail 

-ide 

hypo-ite 

-ite 

-ate 

per-ate 

A lows of 
oxugen 

0 

n — 2 

n — 1 

n 

n+1 

Exam pie 

11(1 

nno 

nno. 

IICIO5, 

nno 4 


(Jot this summary well in mind. Thon go bank and review the 
entire sod ion. Most, of these formulas have been met before; 
lienee it will not. be difficult, to commit all of them to memory. 
However, do not attempt to memorize them as lints of acids. 
That, was worth while only when we were classifying acids accord¬ 
ing to activity (§ 103). 

127. How to Develop Skill in Writing Formulas. —It, must be 
remembered that valence is not the means by which formulas were 
first, derived. The formula II.O, for example, was not assigned 
to water because hydrogen has a valence of +1 and oxygen a 
valence* of —2. On the contrary (1) the percentage composition 
of water was determined by experimental methods. (2) Its 
molecular weight was determined by weighing its vapor (§ 156). 
(3) The relative atomic weights of hydrogen and oxygen were then 
found by comparing the percentage compositions of a large number 
of the gaseous compounds of these elements (§ 159). Only then 
was it possible to work out the formula of water; and, as a matter 
of history, chemists came to agree upon this only after half a cen¬ 
tury of experiment and controversy. 

By comparing the formulas of substances worked out indirid- 
ualhj , the idea of valence was developed. In its origin it was 
merely a mams for remembering formulas , determined separately 
for tile individual substances by laborious experiments - just as 
certain rules of sprlling enable us to remember the forms which 
the individual words of our language have assumed, after cen¬ 
turies of use. 

A little practice at this time will make the student so expert 
in writing formulas that he will have no more difficulty with that 
phase of the present course. As suggestions: 



140 


VALENCE AND FORMULAS 


1. Learn the formulas of the common acids (§ 120). These 
will give you at once the valences of all the common non-metals 
and non-metallic. radicals, 

2. Learn the valences of the common metals, paying special 
attention to those that, have' more than one* valence (§ 122 ). 

3. Practice writing both name's and formulas of salts, formed 
by combining metals with radicals, (§ 120 ). 

4. If the reagent bottles on the laboratory side-shelf are 
marked with both name's anel formulas, choe*k them ove*r to eleter¬ 
mine whether the*se correspond to what would be proelit*te*d from 
the known vale*nce*s of the eleme*nts anel raelie-als cone*e*rne*el. Any 
substances of invgular formula should be' separately note'd. 

128. Balancing Equations. —Eepiations that do ne>t involve 
oxielation and reduction as wt'll as many that do are very e*asy to 
balance. 

1. Make; sure that all formulas are eeirrectly given, anel that 
no substance' has l»e*c*n omitted fremi either siele 1 e>f the* equation. 

2. Begin with some' atom or group of atoms that oce*ui - s in only 
one place, in each siele 4 of the* equation; them pass back and forth, 
from one side of the equation te» the? other, adjusting one* e'lemt'iit 
or group at a time. 

Let us first balance an equation fe>r the* action e>f metallic alum¬ 
inum on copper sulfate, forming aluminum sulfate and copper: 

A1 + CuS<b -> AL><S()4); 5 f- (u 

Having checked this e>ve*r to make sure* that 
all formulas are correct, we be'gin with the* SO 4 
groups. Three of these* occur on the right- 
hand side of the equation; hence* we adjust, by 

writing. 

3 ( 'uS().i on the left. 

This gives us three copper atoms on the* left, 

which we aeljust. by writing.3Cu 

on the* right. 

The aluminum still needs to be adjusted. 
Two aluminum atoms on the right mjuire 
2A1, on the left. The balanced equation then stands: 
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2A1 

+ 

3CuS().i 

A1 2 (S0 4 )3 

+ 3Cu 

Let us next balance the equation: 



III 

■T 

TIK );} 

II 2 o 

+ I2. 


The only element that occurs in only one 
place on each side of the equation is oxygen. 

On the left we have three oxygen atoms, 

which we adjust by writing.311 2 O on the right. 

We then have six hydrogen atoms on the right, and on 

the left; only two. We therefore write. 

hill on the left. 

This, with the additional hydrogen atom in IIIO 3 , 
will make a total of six hydrogen atoms. We now have 
a total of six iodine atoms on the left, which is adjusted 

by writing. 3 I 2 

on the right. The balanced equation then stands: 

5III + HIO :t = :ill 2 () + 3I 2 


EXERCISES 


1-32. Review the problems and exercises of this chapter. 

33. Draw up a table with 100 squares m ten rows and ten columns, with 
space for headings at. the top and m the left-hand margin. Head the top 
margin with the ten electro-positive 1011 s, Nll 4 \ Mn + Mg' Hg', Hg + + , 
Ke 1 ■, Fo ' ' StC + , 811 1 ' 1 ', II + . I 11 the left-hand margin list ten common 

electro-negative ions (including OH "). Then fill in the 100 squares with the 
mimes and formulas of the 100 compounds that, might be formed by combining 
the given ions. 


34. Write and balance the following equations: 

Ferric chloride-(-hydrogen sulfide ~ ferrous chloride-(-hydrogen chloride+S. 
Potassium chlorate (gently heated 1 — potassium perchlorate-{-oxygen. 

Ferric sulfate-t-zmc — ferrous sulfate+zine sulfate. 

Zinc-(-silver sulfate -zinc sulfate+silver 

Ammonium sulfate-)-ljiagnesium hydroxide = magnesium sulfate-(-water 

-(-ammonia. 

Calcium phosphate-(-sulfuric acid —calcium sulfate-(-phosphoric acid 


31). Draw up formal definitions of the following, based on this text; then 
compare with definitions given by the dictionary: Hydroxyl, valence, chem¬ 
ical formula, electron. 

36. Explain and illustrate the difference between polar and non-polar 
valence. 
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If you interview a professional chemist on any subject, in which chemistry 
plays a part, you will soon discover that, ho has developed a sort of “ cheinua! 
instinct/’ which enables him to tell just, about what will happen when stated 
substances arc brought, together in new ways, or under new conditions. To a 
very marked degree, he has acquired the ability to reason chemically. 

Now, it is precisely this sort of ability lhat the student must acquire, in 
some limited degree, if the present course is to yield him anything of perma¬ 
nent value. Long after the details of formulas and equations have faded from 
memory, he should be putting chemistry to some use, in Ins business, home, or 
avocation. For if the chemical mode of thought has once been mastered, any 
library will supply the necessary chemical facts. 

Concerning the manner in which practical ability of this sort may best be 
cultivated, note, first of all, that all chemical reasoning is based upon general 
principles. These include, certain laws, and the explanations of these laws 
afforded by theories. (We now understand that theories are but. the expres¬ 
sion of our views of the mechanical make-up of the universe; and that they are 
the most practically useful things in science, because* they penelratc the most 
deeply beneath the surface of phenomena, to get at the mner reasons why 
things happen as they do.) This course, then, is chiefly concerned with pre¬ 
senting a few* fundamental laws and theones, and in showing how they may he 
applied. 

Nevertheless, when wt pome to use those principles, we find that we must 
be guided by the properties of particular substances. Thus, the seeond part 
of our task is to become familiar with the most outstanding physical and chem¬ 
ical properties of a few important substances. We must learn to know these 
intimately, not merely bv studying the text, but by actually working with 
them in the laboratory. Jn the present chapter (and in the laboratory work 
which w'ill accompany it), we shall make a study of these common substances, 
classified by properties. Then, in later chapters, we shall meet, them again, 
classified by elements. 

It is very important that the student work all the exercises of the present chap¬ 
ter, one by one, as he comes to them. 


129. Complementary Properties.— Review §£(). It used to be 
the fashion to speak of chemical substances as reacting when 
they possessed an “ affinity ” for each other; and as failing to 
react, in the contrary case. To-day, however, “ affinity ” has 
come tc. acquire a highly technical meaning, which would lead us 
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too far afield if we should attempt to explain it. For our present 
purposes, it is sufficient to think of chemical reactions as occurring 
when conditions are favorable, provided the substances brought 
together have what we might call complementary properties. 
One must, be an acid, the other a base; or one a metal, the other a 
non-metal; or one an oxidizing agent, the other a reducing agent; 
or one the salt of a volatile acid, the other a non-volatile acid; or 
one must contain the metallic part, the other the non-metallic 
part, of a desired-precipitate. 

I. Write an equation to illustrate a reaction that may lx* expected to occur 
in each of these eases. 


Thus, when one is asked what will happen when specified 
substances tire brought together, the first step is to recall their 
properties, and try to recognize among these a pair of comple¬ 
mentary properties. (A chemical property may or may not have 
a definite mime.) If the given substances are somewhat uncom¬ 
mon, they may still be known to resemble other substances, whose 
properties are already familiar. Thus, from the reaction of chlo¬ 
rine with sodium hydroxide (§ 184), anyone with a little chemical 
experience may draw conclusions concerning the reaction of bro¬ 
mine with potassium hydroxide. This is chemical reasoning by 
analogy. It becomes reliable only when one has studied chemistry 
for a considerable length of time. One never attempts to reason 
from mere formulas, except in so far as structural formulas may 
recall and suggest reactions. 


2. Name or <l(-scribe 1 lit- mmpleineiilary properties possessed by the mem¬ 
bers of Ihe follow oif; pairs of substanees: 


I’M) 

11 -S, § 231 
<"l a , § lK.‘i 
KMii() 4 . § 517 
• NaH 


HO* 

O, 

llK 

SO,. § 236 
AgNO* 


130. Oxidation and Reduction. —Oxidation and reduction have 
much broader meanings than those indicated by the preliminary 
definitions of § 55. From the most general point of view, oxida¬ 
tion is any process that results in an algebraic increase in valence 
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(namely, in valence becoming more positive or less negative). 
Reduction is any process that results in an algebraic decrease in 
valence (namely, in valence becoming less positive, or more neg¬ 
ative). In applying these definitions, we look upon an uncom¬ 
bined element (Ilg, Zn), or one combined only with itself (CI 2 , N 2 ) 
as having a valence of zero. 

Thus, when zinc burns in an atmosphere of chlorine, zinc 
chloride is produced: 

Zn + (T' = Zn 


Here zinc is considered to bo oxidized, since it, increases in valence 
from 0 to +2. Chlorine, on the other hand, is reduced, since it 
decreases in valence from 0 to —1. 


3. Which element (§ 121 > is oxidize d und which reduced in each of the fol¬ 
lowing reactions? 

S + Fo = FeS 


Zn-f2HCl = Zn( , l S! + Ha 
Zn-fCuS0 4 = ZnS() 4 -fCu. 


131. Oxidation and Reduction in Terms of Electrons. - In 

sodium-ion, as a constituent of NaCl or NaOlI, the valence of 
sodium is +1, as compared with a valence of 0 in uncombined, 
metallic sodium. But sodium-ion, Na f , had been explained 
(§ 125) as a sodium atom which has parted with one electron. 
Accordingly, each increase of valence, on the part of an atom or 
radical, is caused by the loss of a corresponding number of elec¬ 
trons; and each decrease of valence by the gain of a corresponding 
number of electrons. 

Oxidation: Valence increased Electrons lost 

Reduction: Valence decreased Electrons gained 

4. Explain (§ 125) in terms of electrons, how rhlorido-ion, C'l“, differs from 

an atom of uncombined chlorine. #' 

5. Compare the valence of chlorine in chloride-ion with its valence in 
uncombined chlorine. 

6. Is a process that results in the conversion of elementary chlorine 
into chloride-ion to be considered as oxidation or reduction? What would the 
reverse process be? 

7. State what transfers of electrons take place in the reactionsof question 3. 

8. Which element is oxidized and which reduced in the electrolysis of water? 
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It is worth noticing that oxidation and reduction always go on 
together. One atom or group of atoms loses electrons (is oxidized), 
while another atom or group of atoms gains electrons (is reduced). 
An oxidizing agent is something that can oxidize something else 
(namely, deprive something else of electrons). In the process, 
the oxidizing agent is itself reduced. A reducing agent is some¬ 
thing that can reduce something else (namely, cause something 
else to accept electrons). In the process, the reducing agent is 
itself oxidized. 

The t!erms “ oxidizing agent ” and reducing agent are purely 
relative ones. In the presence of sufficiently powerful oxidizing 
agents, most substances can be oxidized, and are thus made to 
serve as reducing agents; and in the presence of sufficiently active 
reducing agents, most substances can be reduced, and are thus 
made' to serve as oxidizing agents. Ordinarily, a substance is 
not classified as an oxidizing or reducing agent if it manifests its 
oxidizing or reducing properties only in the presence of extremely 
active substances of the opposite kind. 

132. Oxidizing Agents. —The following arc important oxi¬ 
dizing agents: 

I. Elementary Oxygen and Ozone. —Elementary oxygen reacts 
with many substances even at room temperature. Thus, yellow 
phosphorus, in finely divided condition, catches fire when exposed 
to tilt 1 air; and solutions of ferrous salts are oxidized by the air to 
ferric salts. Ozone oxidizes many substances under conditions 
such that ordinary oxygen would have no effect. 

II. Hydrogen peroxide (H 2 O 2 ). Review § 90. 

III. The halogens. This is a general name given to the ele¬ 
ments fluorine, chlorine, bromine, and iodine. These are among 
the most effective oxidizing agents. They decrease in activity in 
the order given. Read § 199. 

9. Give sm ('(illation to illustrate the action of chlorine as an oxidizing 
agent, and show that the chlorine is itself reduced. 

10. Tell what, transfer of electrons takes place in the equation just cited. 

IV. Nitric acid and concentrated sulfuric acid. These are the 
so-called oxidizing acids ; but, from the most general point of view, 
any acid is an oxidizing acid, since any metal that reacts with an 
acid thereby has its valence increased. 

11. Show that this is true for zinc, reacting with hydrochloric acid. 
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V. Chromates, dichromates, and permanganates. When those 
salts serve as oxidizing agents, they art' themselves reduced, com¬ 
monly to chromium salts (valence of (’r, +3) and manganese salts 
(valence of Mn, +2). 

12. Write the formulas of ammonium chromate, dichroniale, and perman¬ 
ganate. 

13. What is the valence (,§ 121) of the chromium or manganese, in each 
case? 

VI. Hypochlorites and hypobromites. Solutions of these stilts 
arc- commonly list'd sis bleaching agents. 

14. W T rite the formulas of the magnesium salts. 

VII. Ferric and mercuric salts. These 1 are quite readily re¬ 
duced to ferrous anil mercurous salts, and accordingly serve as 
oxidizing agents. 

15. Give the valence (§122) of the metal, in each ease, in the original 
(oxidized) condition, mid in the final (reduced) condition. 

VIII. Nitrates, chlorates, perchlorates, and peroxides. These 
are commonly list'd as oxidizing agents in the dry condition, mixed 
with oxidizable material. (Such mixtures arc* often dangerously 
explosive, (§200). 

16. W 7 ritc the formulas of the sodium compounds. 

IX. Oxides of the heavy metals. A few metals form more 
than one stable oxide. In such cases, the oxide' in which the metal 
shows a high valence is commonly a very pronounced oxidizing 
agent. Examples: Manganese dioxide, MnOjj; lead dioxide, 
Pb02| red lead oxide, Pb;i() 4 . Oxides of heavy metals near the 
bottom of the electrochemical series are oxidizing agents, since 
they are readily reduced to metal by many reducing agents. 

17. Give the formulas of three such oxides. 

133. Reducing Agents.— The following art; important reducing 
agents: 

I. Hydrochloric acid, hydrobromic acid, and hydriodic acid. 

Hydrochloric acid acts as a reducing agent only in the presence 
of very pronoun jed oxidizing agents, such as manganese dioxide. 
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(§ 180). Ilydrobromic acid is a more active reducing agent, 
llydriodic acid is more active still. Whenever these substances 
serve as reducing agents, they are themselves oxidized to the 
corresponding free halogen (OI2, Br 2 , I2). 

18. What change of valence takes place, in each case? 

II. Hydrogen sulfide. When hydrogen sulfide serves as a' 
reducing agent, it is itself oxidized to sulfur (by mild oxidizing 
agents) or sulfuric acid (by active oxidizing agents). 

19. What change of valence takes place, in each case? 

III. Sulfurous acid and its salts (sulfites). When these serve 
as reducing agents, they are themselves oxidized to sulfuric acid 
and its salts (sulfates). 

20. What is the change of valence? 

IV. Ferrous salts, mercurous salts, and stannous salts. These 
are readily oxidized to the corresponding ferric, mercuric, and stan¬ 
nic salts. 

21. What change of valence' t§ 122) takes place in each case? 

V. Arsenious acid and its salts (arsenites). When these serve 
as reducing agents t hey are themselves oxidized to arsenic acid and 
its salts (arsenates). 

22. What change' takes place in the' valence' e>f arsenic? 

VI. Many metals (especially those toward the top of the elec¬ 
trochemical series). Thus, sodium (or sodium amalgam, which is 
an alloy of sodium with mercury, § 501) is an important reducing 
agent in many laboratory operations in organic chemistry. 

At higher temperatures, metallic magnesium or aluminum are 
vigorous reducing agents. Read § 178. 

23. What weight flf metallic aluminum is needed to reduce one mole of 
ferric oxide? What weight of metallic iron will be formed? 

VII. Carbon, and other readily oxidizable non-metals. When 
an excess of carbon is thus employed as a reducing agent, it is 
oxidized to carbon monoxide. Sulfur is oxidized to sulfur dioxide 
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(or sulfurous acid) by mild oxidizing agents, and to sulfur trioxide 
(or sulfuric acid) by vigorous oxidizing agents. 

24. Write and balance an equation for the reduction of lead dioxide to 
metallic lead, by carbon. 

25. What is the relationship (§ 104) of sulfur dioxide to sulfurous acid, and 
sulfur trioxide to sulfuric acid? 

20. Indicate several oxidizing agents with which powdered sulfur may be 
mingled, to form an explosive mixture. 

27 Recall a lecture experiment to illustrate the action of hydrogen as a 
reducing agent. 

• VIII. Carbon monoxide (at higher temperatures). 'This is the 
most important industrial reducing agent, since it is responsible 
for the production of iron from iron ore, in the blast furnace 
(§492). 

2S To what product is carbon monoxide oxidized, when it serves as a 
reducing agent? 

29. IIow many moles of carbon monoxide are needed to reduce one mole of 
ferric oxide to metallic iron? 

30. Write and balance an equation for the reduction of magnetic iron oxide 
to iron, by means of carbon monoxide. 

IX. Many compounds and materials rich in carbon and hydro¬ 
gen. Formaldehyde and alcohol are excellent reducing agents, 
even in solution; and powdered starch, sugar, coal, or sawdust 
will reduce many of the oxides of the heavy metals to metal, when 
mixed with these oxides and heated. 


31. If an excess of the oxidizing agent is employed, what products will he 
formed (§ 40)? 

32. Write and balance an equation for the reaction between alcohol 
vapor, C'alljOII, and hot copper oxide 

33. What products would one expect to obtain on heating calcium carbide 
(CaC 2 ) with an excess of copper oxide? 


134. Types of Reactions. In seeking to determine what sort 
of reaction is likely to take place in any given instance, it is often 
helpful to recall the most common types of reactions: 


I. Direct union. 

34. Write equations to illustrate direct union of a ifietal with a non-metal, 
of a metallic oxide with a non-metallic oxide., and of a salt with water (§§79, 
112 ). 

II. Decomposition. This is the reverse of direct union. 

35. Write eouat.ions for the decomposition of two substances that yield 
oxygen when heated. 
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III. Displacement. 

3(‘>. Which metals displace hydrogen from dilute acids? 

37. Write and balance an equation for the displacement of hydrogen from 
acetic acid, by zinc. 

Under what conditions (§ 112) will one metal displace another from the 
salts of the latter? 

IV. Other cases of oxidation and reduction. Examples are- 
given in the next section (§ 135). 

Show that the three preceding cases all involve oxidation and reduc¬ 
tion. 

V. Double decomposition. 

40. Define double decomposition (§ 112). 

41. Write an equal ion for 1 Ik* preparation of a volatile acid from one of its 
salts, by double decomposition 

42. Write an equation for the preparation of an insoluble salt, by double 
decomposition. 

VI. Ionization. 

\3. Write equations showing the ionization of an active and an inactive 
acid, respectively. 

135. Balancing Equations Involving Oxidation and Reduc¬ 
tion. Equations involving oxidation and reduction arc best bal¬ 
anced by taking note of the changes in valence that are involved. 
A brief study of the method should be made at this time; though 
extended practice in its application may well be postponed until 
much later in the course. 

(1) For example, consider the oxidation of iodine to iodic acid by means of 
nitric acid. The unbalanced formulation may be written: 

HNOj + I - 1L0 + N04 UlO,. 

Next find two elements that change valence as a result of the reaction and 
note what change in valence takes place (§ 121). 

Ciiiln S units for each atom of T 

< V 

+6 0 +2 +6 
H N 0 8 * I —> HjjO + N O + H I 0, 

l_ f 

I/jsh, a mills lor uuuU atom of N 

An uncombined element is assumed to have a valence of zero. In the 

reaction above, iodine has been oxidized, each atom increasing in valence by 
5 units, from 0 to +, r >. The nitrogen has been reduced, each atom decreasing 
in valence by 3 units, from +/> to 4 2. But the units of valence lost by one 
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kind of atom must, thus be equal to the units i/ai tied by the other kind. Accord¬ 
ingly, we must, take 5I1NO., (which is a loss of 5X3= 15 units) and 31 (which 
is a gain of 3X5 = 15 units). Tins will then give 11 s 5NO and 31II0, t in the 
righl^hand member of the equation. Everything is now balanced but water; 
and by counting atoms of II or () we see that there can be but one molecule of 
this. The balanced equation then stands: 

511 N( > ;i ■+31 = 11,0+5NO+3ITTO:,. 

( 2 ) Consider next the reduction of nitric acid to nitric oxide by ferrous 
sulfate in the presence of sulfuric acid (§ 303): 


C.oin. 1 unit for each atom of Vo 



Leas, 3 limit, ior each atom of N 


To balance, wo must make the gain equal to the loss; therefore 6 F 0 SO 4 
and 2IINO.,. This will produce 2N() and 3 Fc 2 (S() 4 ) i. We then have nine 
N( > 4 groups, <>n the right. Outlie left, bKeSO* furnishes only six SO 4 groups. 
We therefore need 3 ILSO 4 ; which, with the 2 IINO t) , will furnish enough 
hydrogen for A11 A). Thus, the final result is 

2IIXO J +(>FeS0 1 + 31l2KO 4 = 2NO+nFe a fSO,) J +41Ia0. 

7'o verify the result we count atoms of O and find 42 m each member of the 
equation. One should never fail to check the work in this way, with an ele¬ 
ment not previously used in arriving at a balance. 

(3) When copper dissolves in fairly dilute nitric acid (§ 21)4) W'e have: 

IIN0.! + Cu~Cu(N0 ,) 2 + NO + II 2 0. 

Here a complication is introduced by the fact thal nitrogen, the element, 
reduced, appear .x in tiro different place* in thcnqht-huiid member of the equation. 
To meet tins difficulty in irnte UNO., tuuce in the lift-hand member and treat 
the two as two different substances, one producing Cu(NO s ) 2 , the other NO: 


No change in valence of N 



Loub, 3 units 


Comparing the gain and loss we get, 2IlN0a fuid 3Cu. This gives 
3Cu(N’Os ) 2 and 2 NO. But as soon as we have written 30u(N0:,) 2 we see that 
we need an additional GlINO., to furnish the nitrate groups; and by counting 
H atoms we see that we need 411/). The balanced equation is therefore 

SIINO.,+3Cu = 3Cu (NO.,) *+2N0+4II 2 0. 

A cheek is furnished by counting atoms of oxygen—24 on each side. 
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The method we have outlined will apply as well to equations 
involving oxidation and reduction of organic compounds; though 
the valences that will then need to be indicated for carbon arc not 
the ones that an organic chemist would assign to that element. 

44. Balance: 


KMn0 4 +H 2 S0 4 +H 2 C 2 0 4 -> K 2 S0 4 +MnS() 1 + Il 2 0+C0 2 . 


136. Degree of Completeness of Chemical Reactions. —We 

have just Iteen considering what kind of products will be obtained 
in a reaction between given chemical substances. Of equal impor¬ 
tance is the question of how complete the reaction will be. Reac¬ 
tions become practically complete: 

(a) When the reactants are extremely active. Thus, when 
a very active oxidizing agent, such as chlorine, is brought into 
contact with a very active reducing agent, such as hydrogen 
sulfide, we may know in advance that the reaction will be complete. 
Again, a very active acid, such as hydrochloric acid, reacts com¬ 
pletely with a very act ive base, such as sodium hydroxide. (Other¬ 
wise expressed, the reverse reaction, hydrolysis of sodium chloride, 
fails to take place.) 

(b) When one or more of the products of the reaction are but 
slightly active; for example, when a slightly active acid or base is 
formed from one of its salts. 

45. Write equations to illustrate. 


(c) When a substance is formed that is insoluble in the solvent 
used, and separates as a precipitate, thus preventing the reverse 
reaction from taking place. 

46. Illustrate. 

(d) When a gas is formed, which escapes from the solution. 

47. Illustrate. 

Whenever si resfhtion is incomplete, it msiy be made somewhat 
more nearly complete if a large excess of one of the reacting sub¬ 
stances is used. Thus, hydrogen gsis and iodine vapor combine 
to a slight extent when they are heated, forming hydrogen iodide: 

H 2 +I 2 <=± 2HI. 
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The reaction becomes much more nearly complete; that is, a 
much larger proportion of the iodine is made to combine, other 
things being equal , if we use a large excess of hydrogen; and a much 
larger proportion of the hydrogen, other things being equal, if we 
use a large excess of iodine. We shall make repeated use of this 
principle (§§217, 2GG). f 

137. How to Translate Molecular Equations into the Ionic 
Form. —Ordinary equations, expressing chemical reactions in 
terms of reacting molecules, rather than in terms of ions, are often 
referred to as molecular equations. 

AgN O 3 + Na (*1 = AgO 1 J +NaXO s . 

In this particular case, however, the two reactants were probably 
almost completely ionized, as they originally existed, in separate 
solutions; and the sodium nitrate that is formed remains in solu¬ 
tion and is therefore ionized. If we replace each of the ionized 
substances by the formulas of its ions, the* equation becomes! 

Ag H +N(> 3 “ + Na + -fn - = Agn | +Na++X <> 3 . 

Now, sodium-ion and nitrate-ion are common to both sides of the 
equation. Wo may accordingly cancel them out, and thus obtain 
a simplified ionic equation: 


Ag-+n-=A g n j. 


Thus we see that, the essential reaction occurring here is the 
direct union of ions to form molecules of an insoluble salt. The 
reaction does not really produce sodium nit rale at all; for the 
separate ions, Na + and NO 3 ", were present as such in the two 
solutions before mixing, and, after mixing still remained almost 
entirely uncombined. Still, we often speak of a reaction as form¬ 
ing a certain product, when we merely mean that a solution results 
which contains ions derived from that product. Thus, when we 
say that an acid reacts with a base to form a salt and water, wc 
merely mean that when the reaction has taken place the solution 
will be found to contain the ions of a particular salt. In reality, 
one of those was already present in the base, and other in the acid, 
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previous to mixing the acid with the base. The only new product 
resulting from the reaction is accordingly water: 

ll++OII- = HOII. 

48. Write an equation for the neutralization of hydrochloric acid by sodium 
hydroxide; then, assuming that water is not appreciably ionized, translate the 
equation into ionic form, and show that it reduces to the equation just given. 

49. Write the equation for the reaction of zinc with sulfuric acid, and traits- ‘ 
late it into ionic form. Then state in what, sense it is true that “ zinc reacts 
with sulfuric acid to form zinc sulfate and hydrogen.” 

Summary: To translate an ordinary (molecular) equation into 
ionic form, replace the formula of every largely ionized substance 
by the formulas of its ions (remembering that only soluble salts, 
and soluble, active acids and bases are largely ionized). Then 
cancel out all ions common to the two sides of the equation. 

50. Write an equation for the reaction of iron with hydrochloric acid, to 
form ferrous chloride. Translate this into ionic form. What transfer of 
electrons is indicated by this ionic equation? 

51. Write ionic equation for the precipitation of metallic, copper from a 
copper sulfate solution by the action of metallic iron, the other product, being 
ferrous sulfate. 

52 Write ionic equation for the action of chlorine on potassium bromide 
solution, the chlorine displacing the bromine. 

53. Write ionic equation for the reduction of ferric chloride to ferrous 
chloride by means of metallic zinc, the other product being zinc chloride. 

51. In what sense is the preceding reaction one of oxidation and reduction? 
Tell what transfers of electrons take place. 

Whenever we have to deal with a substance that is only 
slightly iouized, the general result of the reaction may be obtained 
by treating the substance as if it were not ionized at all. Thus, 
when sodium hydroxide solution is poured into acetic acid, the 
reaction is: 

Ur .U ;i ( > L , + NaOlI = NaCVIlaOii +11 a O. 


The formulas of the base and salt may here be replaced by their 
respective ions; but water and acetic acid (a slightly active acid) 
should be treated as%if they were not ionized. Then, on canceling 
out Na + (which is common to both sides of the equation) we 
obtain: 

IIC2ll30 2 +OH-*(\.lI 3 () 2 - + II 2 (). 


The general result of the reaction is thus the sanie as if hydroxyl 
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ions had reacted with acetic acid molecules, to form acetate ions, 
and water. 

We should remember, however, that this general result is 
really accomplished in two steps: (1) Dissociation of acetic acid 
molecules, a few at a time (depending on the rate at which the base 
is being added), thus maintaining a very slight concentration of 
hydrogen-ion, until the very last. (2) Direct union of hydrogen-’ 
ion, practically as fast, as formed, with the hydroxyl-ion that is 
being added: 

(i) • 

m , 2 IDtb^lI + +(bID0 2 - 

+ 

OH 

t I ,2) 

lion. 

In what follows, wo shall sometimes be chiefly interested in the 
general result of a reaction, and sometimes in the separate stops by 
which such a general result is accomplished. 

55. Put tlie* general result of the following reaction into ionic form, distin¬ 
guishing carefully between ferrous- and ferric-ion, and remembering that 
hydrogen sulfide is only very slightly active: 

2 FeC'l, + II jK = 2Fe( + 2II Cl -f S. 

.50. Indicate the two steps in which the general result just obtained is 
accomplished. 

138. Ionic Representation of Certain Types of Reactions. It is 

now' possible for us to review some reactions which have previously 
been put in molecular form, to see how they would be represented 
if considered from the ionic point of view: 

(a) Action of a metal on an acid.— The metal reacts with 
hydrogen-ion, to produce metallic-ion and hydrogen gas: 

Zn+2H + = Zn^+II 2 . 

57. Show that this is the general result of the reaction of metallic zinc 
with any active, non-oxidizing acid. 

58. Explain the preceding reaction as a transfer of electrons. 

(b'- Neutralization of an acid by a base.— If the acid and base 
are both active, the general result of the reaction is the direct 
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union of hydrogon-ion with hydroxyl-ion, to form water. (See 
§ 137 .} 

59. Show that this is true for the neutralization of calcium nydroxide by 
nitric acid. 


(r) Hydrolysis of a salt.--The general result of hydrolysis is 
as if water reacted with one of the ions of the salt, to form a slightly 
ionized acid or base. 

00. Show that fins is true for the hydrolysis of sodium fluoride. (Remember 
that hydrofluoric acid is but slightly ionized.) 

(r/) Double decomposition. Prom the point of view of the 
ionic theory, double dm mi position is not double replacement 
(§ 112} at all. The general result of such a reaction, between 
active substances at least, is always dimi union of ions , to form 
molecules of an insoluble or slightly active substance. 

01. Show that this is true for the double decomposition resulting in the 
formation of a precipitate of barium Militate 

02. Show that it is true for tin* action of dilute hydrochloric acid on a solu¬ 
tion of sodium acetate. (Remember that acetic acid is but slightly active.) 

()!>. Explain why the preceding reaction is reasonably complete, even at 
room temperatures, ui dilute solutions. 


EXERCISES 


Balance the following: 

04. KMn(>4+Il('l • KCI + MnOl.+llaO. 

05. II NO.,-HE'S ; HsSt^+NOa+II'jO. 

00. UNO,-} P > H,P0 4 + \’0,+II,0. 

07. II -S+KlUiiO, t 1101 - > KOl-f MnCV| II 2 0+S. 

OS. II 2 S + K..(V-O 7 +11C1 ‘KOI bOrC'b + IEO t-s. 

09. SnOb+IIgCT - > SnCh-HIgOl. 

70. FeOb+KEOoOj + lIOl - KCI+CKVl FoOI,-fH.O. 
J. KIO, pKl + HVylljOa -» KOallsOa+IbO + I". 



CHAPTER XI 


CHEMICAL ARITHMETIC 


Whenever one attempts t-o apply chemistry in a useful way, one is con¬ 
fronted with the question of wind sort of substances or materials to bring 
together, in order to obtain a desired result. The liist pari of the preceding 
chapter is an attempt to show how a trained chemist approaches a question 
of this kind. Then, after one has decided what sort of reactants to employ, 
there is the further question of how much of each. No one cm hope to put his 
chemistry to any practical use until lie can solve this question, too Almost 
every laboratory operation needs to be preceded by a simple calculation, to 
determine what relative weights or volumes should lx 1 taken. Actualh, the 
arithmetic called for is of a very easy kind. We have already met a number of 
problems of this sort, and now need only pause to become conscious of the 
method bv which we solved them. 


139. Standard Conditions. Molar Volumes.- The volume of 
any given mass of gas depends on the conditions of temperature and 
pressure under which it is measured (§ 20). It is, therefore, cus¬ 
tomary to state the volume which the gas would have tit standard 
conditions, namely at a temperature of 0° under a pressure of 
700 mm. of mercury.* 

A liter of oxygen gas, under standard conditions, weighs 1.120 g. 
Therefore, one mole of oxygen (32 g.), under standard conditions, 
occupies 32-5-1.429 = 22.4 liters. Now, under like conditions, 
equal numbers of molecules and therefore equal numbers of 
moles—of all gases occupy equal volumes. Accordingly, one mole 
of any gas or vapor, recalculated to standard conditions, f occupies 
very nearly 22.4 liters. This is called the standard molar volume, 


* By this wo mean that the pressure under which the gas is confined must 
be equal to the pressure that the atmosphere exerts, when supporting a column 
of mercury 700 nun. high, in a barometer. 

f We say “ recalculated to standard conditions,” ratln r than “ at standard 
conditions,” because the gas might condense to a liquid or solid if an attempt 
were made actually to observe it. at standard conditions. Still, we can calcu¬ 
late what the volume would have been if the gas had remained a gas, and obeyed 
the Laws of Charles and Boyle, throughout the whole range of temperature 
and pressure necessary to bring it to standard conditions (§ lf>8). 

If 12 
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or sometimes the gram-molecular volume. We shall make con¬ 
stant-use of it in what follows. 


1. What is meant by a mole? Explain why a mole of oxygen is 32 g., 
rather than lb g. 

2. What is the weight of one mole of ammonia, NIL? What volume does 
this occupy at standard conditions? Then what is the weight of one liter of 
ammonia, at standard conditions? 

3. St ate .how one may determine the weight, under standard conditions, of a 
liter of any gas whose formula is known. (See preceding question.) 

4. Calculate the weight of a liter of chlorine, CI«, under standard condi¬ 
tions. 


140. Converting Weights and Volumes into Moles. —Review 
§§ 38, 42. Though the weights and volumes of reacting substances 
are commonly given in units of the metric system, the chemist 
nearly always reasons in terms of moles. To convert any given 
weight, expressed in grams, into moles, divide by the molecular 
weight. 


Wejghl (g.) 
Mol. wt. 


= moles. 


5. TIow many moles in 0.1001 g of sulfuric acid? 

G. llow many moles in 3G.4G8 mg. of hydrogen chloride? 

If »ve wish 1o know how many moles correspond to a given 
volume of a substance, we may use either of two methods: 


(1) If we know the density * of the substance, we may multiply 
the volume by the density to obtain the total weight, and then 
divide this by the molecular weight, to obtain the number of moles. 


Volume (cc.) Xdensity fg. per cc.) 
Mol. wt. 


= moles. 


7. How many moles in one liter of water? * 

8. If the density of pure alcohol, CdLOll, is 0.9, how many moles in 100 cc.? 

9. How many cubic centimeters of solid calcium carbonate, density 2.8 g. 
per cc. are necessary for one mole? 

10. Carbon dioxide, under unspecified conditions, has a density of 2 g. per 
liter. Ilow many cubic centimeters of the gas, under these conditions, are 
needed t o make 0.1 mole? 


* Density is tin* weight, of unit volume. Specific gravity is relative weight, 
in comparison with some reference substance. If the reference substance is 
water, at 4° C., then specific, gravity is numerically the same as density, and the 
two words may be used interchangeably. 
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(2) If the substance is a gas or vapor (not otherwise;), each mole 
will occupy 22.4 liters, recalculated to standard conditions. 
Accordingly, 


Vol. of a gas or vapor (liters, stand, conds.) 

2 — ~ 


= moles. 


11. How many moles of ethylene are contained in 100ft liters of that gas, 
under standard eondil ions? 

12. Express 112 ec. of hydrogen gas, under standard conditions, as a deci¬ 
mal part, of a mole. 

13. How many liters in a cubic meter (§ 33)? What tolal nuipber of moles 
of all the constituents of coal gas (§ 317) is contained in one cube 1 meter of coal 
gas, under standard conditions? 

141. Problems Based on Equations.— Problems based on chem¬ 
ical equations are solved in four steps, best explained by an 
example;: 

What volume of carbon dioxide gas mag be obtained bg the reaction, 
between 5 g. of calcium carbonate and an excess of hydrochloric acid / 

(1) Write the equation, and make sure that it is correctly 
balanced; 

Cat X > 3 +211 Cl = ( hCl,+11 •»() 4- CO j. 


(2) Pick out the weights or volumes mentioned in the state¬ 
ment of the problem. Make note of these just above the formulas 
of the corresponding substances; and convert the one that is 
known into moles: 


. r > g. ? 1. 

CaC( );*+211 Cl = CaCls+II aO -f CX);». 
5 100 = 


0.05 mole. 

(The molecular weight of calcium carbonate is 100.) 


(3) Reason from the equation. It shows that one mole of cal¬ 
cium carbonate produces one mole of carbon dioxide. Therefore, 
0.05 mole of calcium carbonate will produce 0.05 mole of carbon 
dioxide. 

(4) Convert the number of moles just obtained into a weight 
or a volume, as the problem may demand. The problem calls 
for liters of gas (a volume). Accordingly, each mole of carbon 
dioxide, under standard conditions, will be 22.4 liters; and 0.05 
mole will be 0.05X22.4 = 1.12 liters, Ans. 
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Another example: 

What weight of hydrogen chloride is needed to react with calcium 
carbonate, to produce 10 liters of carbon dioxide gas, under standard 
conditions? 

(1) Write and balance the equation. It is the same as in the 
preceding problem. 

(2) Above the proper formulas, sot down the indicated quan¬ 
tities, and convert, the one that is known (10 liters of gas) into 
moles, l> 3 »dividing by 22.4. The work then stands: 

? g. 10 1. 

Ca ('(h + 211H = (’af’l-+1J A )+(X )>. 

10 22.1 = 

0.1404 mole. 

(3) Reason from the equation. It shows that each mole of 
carbon dioxide requires 2 moles of hydrogen chloride. Then 
.0.4 101 mole of carbon dioxide will require 2X0.4404 = 0.8928 mole 
of hydrogen chloride. 

(1) The problem demands that the number of moles just 
obtained shall be converted into a weight,. Kaeh mole of hydrogen 
chloride is 30.408 g. (('heck this.) Accordingly, 0.8928 mole will 
be 0.8928X30.458 g. = 32.50 g., A ns. 

11. Show wluit difference would liavi* been made, in working the preceding 
problem, if 10 g. of carbon dioxide had been required, rather than 10 1. 

142. Problems Involving Only the Volumes of Gases. — If a 
problem involves only the relative volumes of gases, the work is 
very much simplified, in that it is not necessary to convert these 
volumes into moles. Thus, in the equation, 

2NH 3 +3C1 2 = OTICl+Nj, 

2 moles of ammonia require 3 moles of chlorine, to give 6 moles of 
hydrogen chloride and 1 mole of nitrogen. Now, equal numbers 
of moles occupy equal volumes; hence, the actual volumes of these 
gases will be in the same ratio of as the numbers of moles. Two 
liters of ammonia will react with 3 liters of chlorine, to give 6 liters 
of hydrogen chloride and 1 liter of nitrogen, under any given con¬ 
stant conditions. 
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15. What volume of ammonia will Ik* needed to read with 15 eu. ft. of ehlo- 
rine, and what volume of eaeh of the two reaction produets will he obtained? 

16. If 15 ec. of ammonia are mixed with 15 ee. of chlorine, winch pas is 
present in excess? I low many cubic centimeters of that pas wall be left un¬ 
changed at the end of the reaction? 

17. What increase or decrease in volume will lake place when 20 cc. of 
ammonia react with the relative amount of chlorine expressed I»y the equation? 

143. How to Check Results. —As tin illustration of a method 
that may be used to cheek results, refer to the problem at the close 
of § 141. The steps are: 

* 

1 . Above the corresponding formulas, write the given weight 
or volume, and the final answer: 10 1. and 82.50 g. Be sure to 
designate the units used. 

2. Below these formulas translate the number of moles indi¬ 
cated by the equation into the same units. One mole of ( 8)2 
is 22.4 1. Two moles of 11(4 are 2X80.408 = 72.980 g. The work 
then stands: 

82.50 g. 10 1. 

CaCOa-f* 211(4 =( a(4j+IIjO+ (4). 

72.980 g. 22.1 1. 


3. Now multiply, criss-cross: 82.50X22.1 = 729.81; and 72.980 
X10 = 729.30. The practical identity of these two products indi¬ 
cates that the numerical work employed in solving the problem is 
very probably correct, though the same mistake in reasoning may 
have occurred both in the solution and in the proof. Make sure 
that the two products agree as to decimal point. This cheek is 
based on the rule of proportion that ‘‘the product of flit* means 
equals the product of the extremes.” 

18. Check tlu* answer Unit w r as obtained for the first problem in §111. 


144. Some Common Causes of Trouble. —Trouble in solving 
problems is usually due to one of four things: 

1. Failure to balance the equation correctly, or failure to inter¬ 
pret it correctly, when balanced. Note that 211( 4nneans two moles 
of hydrogen chloride; but II 2 is one mole of hydrogen, and occupies 
22.4 liters, not twice that volume. 

2. Failure to use the proper units. Remember that a weight, 
in the metric system, is commonly expressed in grams- never in 
cubic centimeters or liters. 



PROBLEMS INVOLVING ONLY RELATIVE WEIGHTS 167 

3. Failure to distinguish between the volume of a gas and the 
volume of a solution. Remember that II 2 S stands for 22.4 liters 
of hydrogen sulfide gas, under standard conditions. Dissolved 
in water, if may make an entirely different volume of solution. 

4. Failure to check the answer, to see if it looks reasonable. 

The remaining topics of this chapter may be postponed , to be pre¬ 
sented later in the course, as called for by current laboratory work. * 

145. Problems Involving Only Relative Weights. —If a prob¬ 
lem involves only relative weights, the unit of weight may be any¬ 
thing we please. Thus, the equation, 

CaC() ; < + 21101 = OaCb+IDO+COa, 

40+12+48 2X36.468 
= 100 = 72.936 


indicates that the weight, of hydrogen chloride required to react 
with the calcium carbonate is smaller than the weight of the cal- 

211(4 72.936 

ciuin carbonate itself, in the ratio — = — “ ' : no matter 

CaC0 3 100 

whether the unit of weight, concerned is the gram, pound, or ton. 
To get, the weight, of hydrogen chloride required to react with a cer¬ 
tain weight of calcium carbonate, we therefore need only multiply 
the latter by the numerical value of the ratio 2IIC1 CaCX> 3 . Thus 


lbs. of calcium carbonate will react with 5X 


72.936 

“Too" 


= 3.647 lbs. 


of hydrogen chloride. 

Tables of such ratios of reacting weights, often called chemical 
factors, are found in many chemical handbooks, and save one the 
trouble of calculating the molecular weights of the individual sub¬ 
stances concerned, for only ratios of weights are needed. 


19. Wluil weight of hydrogen chloride will be needed to react with 40 mg. 
of calcium carbonate? 

20. How many grams of hydrogen chloride will one kilogram of calcium car¬ 
bonate require? 

21. The chemical factor SOj/BaSO* has what numerical value? Show 
how it may bo used to find the percentage of sulfur trioxide in a compound, 
one gram of which will produce 0.2400 g. of barium sulfate. 


146.—Problems Involving the Percentage Strengths and 
Densities of Reagents.—By the percentage strength of a solution 
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wo moan tho number of grams of a specified dissolved substance 
in 100 g. of solution. Thus, a 40 per cent solution of hydro¬ 
chloric acid contains 10 g. of hydrogen chloride for every 00 g. 
of water, to make 100 g. of solution. Very often the per¬ 
centage strength of a solution is known from the way in which 
it was prepared. At other times, we may deduce the percentage 
strength from an observation of the boiling point, freezing point 
index of refraction, density, or some other properly, whose varia¬ 
tion with varying percentage strength has been determined. 
Of these, density is the most, commonly used, and tables have been 
prepared for many common reagents, showing what percentage 
strength, in the ease of each, corresponds to each given density. 

22. Whsit is the percentage strength of :i solution prepared by dissolving 
25 g. of sugar in 1(M) g. of water? 

28. A solution of densiU 1.20 eontains 27..‘5 per rent II 2 SO 4 . What is 
the total weight of one liter of such a solution, and what weight of 1(-.>iS0 4 
dot's it contain? 

24. A solution of density t.27 eontains 810 g. of NaOlI in one liter. What 
is its percent age strength? 


When two different liquids have very nearly the same density, 
then on mixing them there is obtained a mixture having an 
intermediate density that is very easily calculated. Thus, if 
200 cc. of water (density, 1.00) are mixed with 100 ee. of any 
aqueous solution of density 1.00, then the total weight of the 
mixture will be (200XI.00;+ (100XI.00) = 800 g.; and its density 
will be 8004-800= 1.02. If the two liquids are very different in 
density, this method may give only very rough results, for a very 
considerable increase or decrease in volume may then take place 
when the two are mixed. Thus, 100 ee. of water (density, 1.00) 
when mixed with 100 ee. of sulfuric acid (density, 1.80) gives 
192 co. of solution, there being a contraction of 8 cc. 

25. Whai is the net mil density of the mixture just, mentioned? What 
would have been its density if no contraction had taken place? 


Problems involving the densities and jx*roonftigc strengths of 
solutions involve no new principle. In any case, 

Volume (cc.) X density (g./ce.) x P ercenta ^ strength _ tota j 
weight of specified dissolved substance. 
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20. What weight of sodium hydroxide is contained in 50 ee. of a solution 
of density 1.10, containing 8.8 per cent NaOM? 

27. How may the density of a solution be found from its percentage 
strength and the total weight of the specified dissolved substance in one 
liter of solution? 

28. How many moles of sodium hydroxide in one liter of a solution of 
density 1.10, containing S.S per cent NaOII? 

25). Ilow many moles, and what weight of lK'l will the preceding NaOII 
solution neutralize? What volume of solution, of density 1.20, containing 
2 ‘U percent HOI, will be needed to furnish this weight of HOI? 

20 . What weight, of NusOO., is needed to neutralize 100 ee. of a solution 
of density 1.02, containing II percent, II0 2 H»( )•>? 

21. What volume of solution, of density 1.10, containing 17.1 per cent, 
1INO.I, is needed to furnish 2 moles of 1IN() ;I ? 

22. What, weight of a 10 per cent solution ot Nat >H is needed to neutralize 
KM) g. of a 4 per cent solution of lit'I? 

22 . How many cubic centimeters of a solution of density 1.20, containing 


29.JI per cent, HCI, will be required to react with 25 g. 


of calcium carbonate? 


147.— Problems Involving Other Units than the Gram (for 
Weights) and Liter (for Volumes of Gases). —We have already 
noted thiit, as long as the quantities needed in a calculation are all 
weights or all volumes (of gases), the unit of weight or volume 
may he anything we please. However, if one of the quantities 
concerned is a weight .and oik; a volume of gas, wo need to he 


careful in the choice of units. 


Wo have seen that whenever 


weights are expressed in grams, volumes of gases are to he ex¬ 
pressed in liters, each mole being equivalent to 22.1 liters of gas, 
at standard conditions. 


Hut 1 gram = 1000 mg.; 

= 1/1000 kg.; 

= o.o;i5;i oz.; 

while 11.= 10(H) cc*.; 

— 1,1000 cu. m.; 
= 0.0:153 cu. ft. 

Accordingly, 

Whenever weights 
are expressed in — 
milligrams 
grams 
kilograms 
ounces 


Volumes of gases should 
be expressed in — 
cubic centimeters 
liters 

cubic meters 
cubic feet 
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The methods to be applied in solving problems involving other 
units of weight than the gram and other units of volume than 
the liter are therefore the same as those we have already con¬ 
sidered. One ounce-molecule of gas is as many ounces as there 
are units in its molecular weight; and occupies 22.1 cu. ft. 
A milligram-molecule occupies 22.4 cc. ; a kilogram-molecule, 
22.1 cu. m. * 

What volume of carbon dioxide (fas can be obtained In/ fermenting o lbs. 
of glucose 

The weight is here given in the English system, and may Fie converted to 
ounces. The volume of gas will then he in cubic feet.* 

5X1 0= SO oz. ? cu ft. 

C (,II ]»()(, — 2 C 2 H b( )11 + 2( 1 (_);>. 

One ounce molecule—1X0 oz. produces 14 S cu. ft. 

Thus, SO oz. will produce 

SO, 1K0X11.S-19.9 cu. ft., A ns. 


7'went {/-Jire cubit centimeters of ('()» gas were obtained In/ fermentation. 
To what might of glucose dots this eorres/ioml * 

The volume of gas js here given in cubic centimeters , hence the weight of 
glucose must he in milligrams. 

? mg. 25 cc. 

('», 111 vO r. — 2(\II ,OH • f- 2( ’()o. 

ISO nig. . . . product' . . . 44.S cc. 

To produce 25 cc will require 

25, 44.X X ISO - 100.1 mg., A ns. 


What volume of sulfur dioxide is obtained In/ burning d<)0 lag. of an ore, 
having the formula ('uFeS^.' 

With tin* weight of ore in kilograms , the volume of gas must, hr m cubic, 
meters. 

200 kg. ? cu. m. 

ICuFeS, + 120,= 4(’uO + 2Ee,(), + SS() a . 

4 X 0*2.57+55.X4 +04.12j 

— 724.12 kg. . . . produce . . . XX22.4 — 179.2 eu. m. 

Then 200 kg. will produce 200/734.12X 170.2= cu. m., Arts. 


34. IIow many milligrams of carhon are eonlaim'd in 22.(i ee. of acetylene, 

C a II 2 ? 

* We get the same result, of course, if we leave the weight in pounds and 
say that every pound-molecule of gas occupies 10X22.4 eu. ft. 
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148.—Gram-Equivalent and Milligram-Equivalent. —Chemical 
calculations are often carried out in terms of a unit called the 
gram-equivalent (abbreviated g.-eq.). The meaning of this term 
depends on the type of chemical reaction concerned. 

(1) In neutralization a gram-equivalent is th(i weight in grams 
corresponding to 1.008 g. of replaceable hydrogen. 

For TIG1 it is one mole (30.408 g.); for IBSO, half a mole; for TT 3 P0 4 
one-third of a mole (providing all three of the hydrogen atoms of the arid 
are actually replaced in the given reaction). 

Similarly for NaOll one g-cq. is one mole (40.008 g.;; and for Ca(OIl) 2 , 
half a mole. 

(2) In double decomposition a gram-equivalent, is the weight 
in grams corresponding to one unit of valence of metal (or metal 
and hydrogen). 

For NaGl it is one mole (08.40 g.); for Na 2 C(), it is half a mole. For 
('alIP() 4 it is a third of a mole (if both Ga and 11 are exchanged with another 
element in the double decomposition;; or half a mole (if onl> (’a is exchanged). 

(3) In oxidation and reduction, a gram-equivalent is the weight 
in grams corresponding to one unit of valence change. 

A gram-equivalent of KMn() 4 to be used in double decomposition, is a 
whole mole; but to be used as an oxidizing agent in an acid solution it is 
only a fifth of a mole, since the valence of manganese then decreases from 7 
(in K.M11O4. § 121) to 2 (as in MnS() 4 ), a decrease of five units. 

This example illustrates the fact that the number of grams contained in a 
gram-equivalent is often not defined until we specify the reaction in which 
the given substance is to be used. 


By a millgram-eqivalent (abbreviated mg.-eq.) we mean as 
many milligrams as there are grams in a gram-equivalent. 

A gram-equivalent of Na >S() 4 is J X (4ti +22.07 +01) = 71.03 g. Thus, a 
milligram-equivalent, of this same substance is 71.03 mg. 

149. Three Ways of Expressing the Concentration of a Solu¬ 
tion.— By the concentration of a solution we mean the amount of 
dissolved substance in a unit volume. It is commonly expressed 
in- 

grams per liter, 
moles per liter, 
gram-equivalents per liter. 
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A molal (or molar) solution is one containing one mole of dis¬ 
solved substance in a liter. Thus, 98.080 g. of H^80 4 in a liter 
of solution makes a molar solution. 

A normal solution is one containing one gram-equivalent of 
dissolved substance in a liter. For H 2 SO 4 this would be \ X98.086 
g. in 1 1. of solution; or the full 98.086 grams in 2 1. Since eatjh 
liter of a normal solution contains one gram-equivalent, each cubic 
centimeter of a normal solution contains one milligram-equivalent. 
This statement is very important. The normality of a solution 
■means its concentration, expressed as so many times that of a 
normal solution. Note the customary abbreviations of various 
normalities: N means normal; 2N, twice normal; N/2, half 
normal; N/ 10 , one-tenth normal; 0.805-1 N, a solution having 
a concentration 0 . 86 ") 1 times that of a normal solution. 

Distinguish carefully between 2N and N/ 2 . 


35 . What is the normality of a solution of ealeimn chloride, containing 
11.1 g. in a liter? How many times molai is such a solution? 

30' What is the normality of an acid solution prepared !>y dissolving one 
mole of er\ stalhzed o\a!ie acid, 11/’at ) 4 -2H 2 (), in water and dibit mg <0 5 J.? 

37. \\ hat weight of anln drous sodium sulfate is contained 111 50 ee. of a 
molar solution? 


150.—The Practical Advantage of Solutions of Known Nor¬ 
mality. —By working with solutions of known normality we are able 
to simplify many chemical calculations enormously. The number 
of cubic centimeters of a solution, multiplied by its normality, 
gives the number of milligram-equivalents of dissolved substance 
(cc.Xnormality = mg.-eq.). Furthermore, a given number of 
milligram-equivalents of one substance will react with exactly the 
same number of milligram-equivalents of any other substance.* 

Thus, f)0 cc. of N/10 acid contains 50X1/10 = 5 mg.-eq. 
This will react with 5 mg.-eq. of any base; i.e., with 5 cc. of N 
base solution, 50 cc. of N /10 solution; 100 cc. of N/20 solution, 
etc. Notice that if we know the volume and normality of a solu¬ 
tion we need not know the molecular weight fior even the formula 
of the dissolved substance. 

* Provided, of eourse, that the milligram-equivalent is defined in both 
cases in the same way. < hie milligram-equivalent of a. substance, defined with 
respect to oxidation, would not necessarily react with one milligram-equiva¬ 
lent of another, defined with respect to neutralization or precipitation. 
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38. What volume of a N solution of sodium hydroxide is needed to neut¬ 
ralize 75 ee. of N/10 citric: acid? 

39. What volume of N/5 barium hydroxide solution is needed to com¬ 
pletely precipitate 100 ee. of a N solution of any magnesium salt? 

40. Ton oo. of a N solution of potassium iodide are mixed with 19 cc. of a 
N /2 solution of silver nitrate. Which substance was list'd in excess? Express 
this excess as a fraction of a milligram-equivalent. As a fraction of a mole. 


151. Problems Involving Normal Solutions.—The method for 
solving problems involving normal solutions may best lie explained 
by a few examples. 


What weight of sodium chloride is needed to react with 25 .7 cc. of N/10 
silver nitrate solution? 

The '25.7 ec. of N/10 AgNOj solution is 2.57 cc. of N solution, and contains 
2.57 mg.-eq. (§ 14S) of AgNO ;i . 

This will react with 2.57 mg.-eq. of NaCl. 

mol. wt.. in mgs. 58.46 

But. 1 mg.-eq. of NaC 1 =-:- - =-- =58.4 mg. 

valence of Nu 1 * 

The total weight of NaCl is therefore 2.57X58.16 = 150.24 mg., .4ns. 


When 25 ee. of sulfuric acid ore precipitated by a barium salt, 1.527 g. of 
BatiO*, ore produced. Calculate the normality of the arid. 

The 25 cc. of acid of normality x are equivalent to 25 x cc. of normal acid, 
or 25 .r mg.-eq. of II 0 SO 4 . 

This will produce 25 x mg.-eq. of IiaSO*. 

T mol. wt. in mgs. 233.42 _ 

But 1 mg.-eq. of BuS (>4 =-;-,. ., - =-, = 11G.71 mg. 

valence or Ba 2 

The 25 x mg.-eq. of BaSO* are therefore 25 xX 116.71 mg.; this must be 
equal tc the stated weight of BaiSCL, 1527 mg.; i.e., 

25 j-X 116.71 =1527; 

whence .r = 0.5233 N./ A ns. 


What volume of N,5 hydrochloric acid is needed to read until 1.06 g. of 
Na-iCOj. {mol. wt. 106)? 

The 1.06 g. is 1/100 of a mole or 1/50 of a grain-equivalent.. It will 
there'fore require 1/50 of a gram-equivalent of HC1 to react with it. This 
is 1/50 of a liter of N IlCl; or 20 ec. of N 1IC1; or 100 ec. of N/5 HC1, Ans. 


•» 


What is the normality of an alkaline solution, 25 cc. of which neutralize 26.42 
cc. of N /2 acid? 

Since less alkali is needed than acid, the alkali must be somewhat the more 
concent rat eil; plainly 


26.42 


XJN = 0.5284 N, Ans. 


25 
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EXERCISES 

1-40. Review the problems and exercises of this chapter. 

41. Balance the formulation: 


CjlIj-f-Oi —»COj-f-HjO. 

42. What volumes of each of the other gtLses are consumed or produced 
when 2.74 cc. of acetylene (('all)) are burned? 

43. What volume of acetylene gas must be burned to produce 11 g. of car¬ 
bon dioxide? 

44. How many cubic, feet of acetylene gas arc needed for every pound of 

.water vapor produced? ' 

45. What weight of carbon is contained in 100 cu. ft, of acetylene? 

40. How many milligrams of carbon are contained in 11.2 cc. of acetylene? 

47. What approximate volume of air is needed to burn 44.8 cu. ft. of 
acetylene? (Air is about one-fifth oxygen by volume.) 

48. Concentrated hydrochloric acid has a specific gravity of 1.2 and con¬ 
tains 40 per cent TIC1 by weight. How many liters of hydrogen chloride gas, 
at standard conditions, are required to prepare one liter of concentrated 
hydrochloric acid? 

49. If a solution of concentrated hydrochloric acid has a specific gravity of 
1.20, and contains 40 per cent HC1 by weight, what weight of common salt 
will be required, for every liter of concentrated hydrochloric acid produced, in 
the reaction of the first half of § 177? 

50. How many milligram-equivalents of sodium sulfate, Na 2 S0 4 , in 0.2 g. 
of that material? 

51. What volume of normal hydrochloric acid is needed to decompose 1 g. 
of anhydrous sodium sulfite, to liberate sulfur dioxide gas? 

52. What volume of sulfur dioxide gas, at standard conditions, is liberated 
in the preceding problem? 

53. What approximate weight of nitrogen can be contained in a cylinder 
of 20 liters capacity, under a pressure of 20 atmospheres? 

54. What volume of a solution of sulfuric acid, of specific gravity 1.25, 
containing 33.4 per cent II 2 S() 4 , will be needed to prepare 10 liters of N/5 
solution? 

55. What is the normality of an acid, 27.4 cc. of which are required to 
react with 205 mg. of anhydrous sodium carbonate, liberating carbon dioxide 
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CHAPTER XU 


HOW CHEMICAL FORMULAS ARE DERIVED 


In precedi niy'hilpters wo h:ivo already made extensive use of atomic weights 
and eheinioal formulas, wilhoul discussing 1 In* question of how we get them— 
beyond remarking that they are based on actual determinations of the pro¬ 
portions by weight in which elements combine (§H7l The reasoning that 
is involved is not really very difficult, if wo take care to note the order in 
which the several steps are developed (follow the diagram in § 104). 


152. Recalculation of Gas Volumes to New Conditions — 

Review § 20. Whenever a gas is measured under ordinary labora¬ 
tory conditions, its volume must Ik* recalculated to standard 
conditions lief ore it is possible to determine how many moles 
an* represented. One or two examples will make the method 
rloar. 


A (jn. s* occupies 2- r >Jf> cc. a I 20° C. and 7' f 0 mm. pressure. Re¬ 
quired its volume at 0° C. and 7(10 mm. pressure. 


Original conditions: Vi =2."). 15. 
Final conditions: V 2 = ? 


7b =710. 7b =293° A. 
1*2 = 7 W. 7*2 = 273° A. 


Notice, first, that the gas is cooled from 20° C. to 0° (\ or from 
293° A. to 273° A. It will plainly coutracl and occupy a smaller 
volume than before. The original volume must therefore be mul¬ 
tiplied by a fraction smaller than one, evidently 273/293. 

Again, when the pressure is increased from 740 to 7G0 the 
gas will be compressed , and will occupy a smaller volume than 
before; the preceding volume must therefore be multiplied by 
another fraction smaller than one, namely, 740/700. For the final 
volume we have then: 


273 740 
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Ten cubic feet of air measured at 05° F., under a■ pressure, of SO 
lbs. per sq. in. null occupy what volume at 41° F., under a pressure of 
So lbs. per sq. in.? 


Original conditions: Fi = 10. Pi =80. 

Final conditions: l\j = ? P 2 = 35. 


A. 

7 , 2 = 278° A. 


Nothing different in principle is introduced by expressing the 
volume in cubic foot and the pressure in pounds per square inch. 
We note, first, that 05° F. = 35° (\, =808° A.; and that 41° F. = 5° 
C. = 278° A. (§ 10). The air is cooled from 808° A. to 278° A., 
which results in a smaller volume. The original volume must 
therefore be multiplied by a, fraction smaller than one, evidently 
278/308. Then the pressure is decreased from 80 to 36 lbs. per 
sq. in., and the gas expands, occupying a larycr volume than before. 
Wo must therefore multiply by another fraction, this time larger 
than one, evidently 80/36. The final volume is then: 

278 80 

1*2 = 10X7T77 W Xttf = 20.63 cu. ft. 

308 36 

153. Vapor Density.- The vapor density of a substance is 
usually expressed as the weight, in grams, of one liter of the vapor. 
Thus, the vapor density of water, recalculated to standard condi¬ 
tions, is 0.801 g. per liter. The vapor density of a volatile sub¬ 
stance, such as chloroform, is sometimes determined by filling a 
small bulb of known capacity with the vapor, and weighing this 
directly. 

More commonly, a known weight of the substance* is dropped 
to the bottom of a long bulb, which is surrounded with a heated 
jacket of constant temperature (Victor Meyer Method). If condi¬ 
tions are right, the substance 1 vaporizes within a few seconds, and 
the vapors produced expel an equal volume of air from the upper 
jx>rtion of the apparatus. By collecting this air over water, and 
recalculating its volume to standard conditions, we obtain the 
volume which the given weight of vapor would bsclf have occupied, 
if uncondensed under standard conditions. From this the vapor 
density may be calculated. 


1. In one* such experiment, 0.1200 g. of a substance furnished 24.5 ec. 
of air, at 27°. under a pressure of 740 nun., corrected for the vapor pressure 
of water. Calculate the vapor density of the* substance. 
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164. Molecular Weights from Vapor Densities. —Review § 139. 
Since the vapor density of a substance, recalculated to standard 
conditions, gives the weight of one liter under these conditions, 
we need only multiply by 22.4 to obtain the weight in grams 
corresponding to one mole. Otherwise expressed, the molecular 
weight of any volatile substance is the number expressing the 
weight in grams of 22.41. of the substance, recalculated to stand¬ 
ard conditions, in the condition of a gas or vapor. Molecular 
weights thus obtained are usually only approximate, because the 
recalculation of volumes to standard conditions is usually based 
on laws that- are only roughly true (§ 20). A mole of a gas or 
vapor is not, exactly 22.4 liters, at standard conditions. Never¬ 
theless, by taking account, of the deviation of any given gas from 
the behavior expressed by the ideal gas laws, vapor density 
measurements may be made to give exact molecular weights. 

2 . What, is the approximate molecular weight of a substance, if 0.1 Of 5 * g.. 
of it s vapor occupy UK) ee., at. 20" under a pressure oi 740 mm. (corrected 
for the vapor pressure of water)? 

d. From the formula of ammonia, calculate its exact molecular weight, 
ami Ih caretical tlcns~i.li/ . Explain why the actual density of ammonia may 
be slightly different from the theoretical density. 

165. Relative Density. —By Avogadro’s Principle (§ 22) equal 
numbers of molecules occupy equal volumes. Thus, the relative 
weights of equal volumes (relative densities) may be determined 
by comparing molecular weights. For example, hydrogen sulfide 
(mol. wt,., 34) has very nearly twice the density of ammonia 
(mol. wt.., 17). 

4. Which is the heavier, and in about wind proportion, hydrogen chloride 
or chlorine? 

5. Is water vapor heavier or lighter than nitrogen? 

The weight of 22.4 liters of dry air, at standard conditions, 
is very nearly 29 g. The average molecular weight of the gases 
of the atmosphere is accordingly about 29; and the relative 
density of any gas*as compared with air, may be found by divid¬ 
ing its molecular weight by 29. Thus, carbon dioxide (mol. wt., 
44) is 44-7-29 = 1.5 times as heavy as air. 

6 . Which of the following gases and vapors are lighter than air, and 
which heavier, and in about what proportion? Hydrogen, oxygen, nitrogen, 
water vapor, bromine (Br»). 
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156. Association and Dissociation. —But, though the vapor 
density method will give 1 the molecular weight of a substance 
in the condition of a gas or vapor, its molecular weight when 
condensed to liquid is sometimes wry much greater; for during 
the process of liquefaction the simple molecules that exist in 
gases may join together in groups or clusters. Thus, watef, 
which in the condition of vapor has the molecular weight, 18, cor¬ 
responding to the formula 11^0, in the liquid condition is believed 
to consist for the most part of molecules of twice or three times 



Fir.. 42.—A physical chemistry laboratory. Apparatus for determining 
molecular weights, by vapor density, freezing point, and boiling point. 

methods. 


that, weight, corresponding to the formulas (IIg ())2 and (ll L »());j, A 
union of simple molecules, all of the same kind, to form more 
complex molecules, is called association. 

The reverse proeess is dissociation (§ 102)— the breaking up of 
complex molecules into others of lower molecular weight— not 
necessarily alike. An example is the partial dissociation of 
ammonium chloride, at high temperatures, into hydrochloric 
acid and ammonia gas: 


NIT-iH HCI+NTT3. 
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In this dissociation, one molecule becomes two. But an increased 
number of molecules, by Avogadro’s principle (§ 22) means a 
correspondingly increased volume. Accordingly, whenever a gas 
dissociates on being heated, it expands more rapidly with increas¬ 
ing temperature than the Law of Charles would indicate. 


7. Twenty per cent, of the molecules of ammonium chloride are dissoci¬ 
ated at a certain temperature. What will lie the average molecular weight 
for the three kinds of molecules then present? 


167. Mblecular Weights of Substances in Solution. — (Review 
§§ 99, 100.) If a substance is not a gas and not easily vaporized, 
it, is impossible to get its molecular weight, by the method described 
in § 154. But if it happens to lx* soluble , its molecular weight in 
solution may be determined by a determination of the freezing 
point, boiling point, or osmotic pressure of the solution, in com¬ 
parison with that of the pure solvent. One mole of any soluble 
substance—not an acid, base, or salt—dissolved in a given weight 
of solvent, produces very nearly the same effect on vapor pressure, 
boiling point, freezing point, or osmotic pressure as is produced 
by one mole of any other. 

Thus, one gram-molecule (or mole) of cane sugar, r 12 TI 22 On, namely, 
342 g., dissolved in 1 1. of water, gives a solution which begins to freeze at. 

— UNO" ('. One grain-molecule of ethyl alcohol, )U, is only 24-f-(»-f-1 ti = 

4 t> g., but has the same effect, on the freezing point of a liter of water as the 
312 g. of sugar. 

A mole of almost any soluble substance—not tin arid, 
base, or stilt— dissolved in 1000 ee. of water, forms a solution 
freezing tit —1.80° V. Accordingly, to determine the gram- 
molecular weight of a soluble substance, find what weight needs 
to be dissolved in a liter of water to give a solution freezing at 

— 1.86° C. Similar statements apply to molecular weights from 
freezing-point determinations of solutions in other solvents than 
water; or from determinations of boiling points or osmotic 
pressures. But afids, bases, and salts have a greater effect than 
other substances on freezing points, boiling points, etc., because 
they are ionized. (Read § 250.) 


Five gram* of a substance, dissolved in 75 cc. of wglcr, forms a solution 
freezing at —0.31)3° C. Calculate Us molecular weight. 
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Five prams in 75 or*, is llio same as (1000/75) X5 = 60.67 g. in 1 1. This 
gives a lowering of To give the standard molecular lowering , 1.86°, 

the amount, dissolved in a liter would need to be /import innately greater : 


1.80 

().»(» 


X 00.07 -542. 


* 


The approximate molecular weight is therefore 512. 


S. What will lx* the approximate freezing point, of a solution containing 
0.40 g. of ethyl alcohol in 50 ec.? 

# 

158. Approximate Atomic Weights. Wo have just seen that 
the approximate molecular weights of a great many substances 
may easily be determined—for gases or vapors by finding the 
weight in grams of 22.1 1., recalculated to standard conditions; 
and for soluble substances most easily by seeing how many grams 
need to Ik* dissolved in 1000 g. of water to lower the freezing 
point 1.80° (\ 

But as soon as we know tin* approximate molecular weights of a 
great many compounds of known percentage composition it is 
easy to get the approximate atomic weights of tin* elements that 
these compounds contain. An example will make the method 
clear. 


Chloroform vapor, recalculated to standard conditions, has a density of 
about 5.5 g. per liter. Thus, its molecular weight is approximately 22.tX5.il 
= 118.7. Hut ehlorolorm is known to eonl.am 10.05 per cent C, 0.S5 per cent, 
H, and 89.10 per cent Cl. Accordingly, one gram-molecule contains, roughly: 

10.05 per rent Xl 18.7 — 11.0 g. of carbon, 

0.85 per cent X 118.7 — 1 g. ol hydrogen, 

89.10 per cent X 118.7 — 105.7 g. of chlorine. 

We do the same thing with a great many other compounds of carbon, deter¬ 
mining m each ease 11n* number of grannt of each t lenient in one grani-nioleeule of 
the compound. It has been proved that no compound contains less carbon 
in a gram-molecule t han does chloroform. Thus it seems probable t hat. chloro¬ 
form contains the leant possible amount of carbon in a molecule ; in other words, 
one atom. 

Similarly, for hydrogen. No other compound of l^ drogcn contains less 
hydrogen in one gram-molecule than does chloroform. Accordingly we 
assume that chloroform contains the least possible amount, of hydrogen in a 
molecule; in other words, one atom. 

But Hie least amount of chlorine in one gram-molecule of any chlorine 
compound is about one-third that found in one gram-molecule of chloroform. 

Such problems may be solved by proportion, if that seems easier. 
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The formula of chloroform must accordingly lx* CIICIj; and the atomic 
weights of the three elements concerned must he, approximately: 

C = 11.9, II-1, Cl — X10< r ).7 = liiy.2. 

r I'hese ar<* only npprojrinmlr atomic v'riyhls, however, for they wore derived 
from molecular weights that are determined only approximately by the 
methods we have described. 


To summarize: The atomic weight of any element is approx - 
imately th$ number expressing the least weight of that element, 
in grams, in one-gram-molecule of any of its compounds. 


9. Complete the following table, and state what additional assumption 
must be made before any conclusion can be drawn regarding the atomic 
weight of carbon: 


Kuhstmicc M»L 117. %C. Wt. of C in 1 Mole 

Carbon monoxide.. .. US 12.9 

Ethylene. 2S No.7 

Propane. -1-1 XI.X 

Butane. 5S N2.S 


10. \mong the different gaseous compounds of bromine, none contains 
Jess than about 2.N g. of bromine in a liter, at standard conditions. What 
conclusion may be drawn? 

159. Two Checks on Approximate Atomic Weights. —The 

reader should now refer to the graphical summary at the end of 
this chapter (§ 1(>4) to review the steps by which we have advanced. 
Beginning with the atomic and molecular theories, and by reason¬ 
ing from vapor densities or freezing points, we first, derived 
approximate molecular weights. From these, by taking note of 
the least weight of each element in one molecule of any of its com¬ 
pounds, we derived a set of approximate atomic weights. From 
these in turn we shall presently derive exact atomic weights and 
formulas. 

But all our chemical formulas depend on the accuracy of our 
reasoning, and a Wmin is no stronger than its weakest link. It is 
therefore important that wo look for independent confirmation of 
our approximate atomic weights, before proceeding. Two such 
confirmations do indeed exist: 

(1) If we list the elements in the order of increasing atomic 
weights, determined approximately as just described, we find that 
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elements of similar properties occur at regular intervals. Tims 


llio 2d element is like the* 10th and 18tli; 
the 3d element is like* the 11th and 10th; 
the 4th element is like the 12th and 20th; 


and so forth. This is tin* Periodic Law, discussed in detail herh- 
aftcr (§§ 105-173). The regular variation of properties, which 
is shown when the elements are arranged in the order of increasing 
atomic weights, is taken as good evidence that these atomic 
weights are at least approximately correct. 

(2) The approximate atomic weight of a solid element multi¬ 
plied by its specific heat/ is almost always about 6 —closely 
enough to prevent the approximate atomic weight from being 
taken at half or twice its true value. This is the Law of Dulong 
and Petit. 'Thus, any doubt about the atomic weight of sulfur 
being approximately 32 must disappear as soon as experiment, 
has shown that the specific heat of sulfur is 0.17; for 0.17X32 = 
5.11. This is close enough to 0 to show that the true atomic 
weight of sulfur cannot differ from our approximate result by 
more than a few per cent. 


11. From it'-' atomic weight, estimate tin* number of calorie- that would be 
needed to heat 1 kg. ol lead irom the freezing point to the boiling point of 
water. 

12. Which will melt the greater quantity of ice, a pound of iron, or a pound 
of lead, if Dotli me previously heated to the same temperature? Explain. 


160. The Three Things Needed to Derive a Chemical Formula. 
— To derive the formula of a compound it. is necessary to know (1) 
its molecular weight (determined by one of the methods just 
described); (2) the percentage of each element in it (as deter¬ 
mined by analysis); and (3) the atomic weights of all these ele- 
ments.l 

Thus, from the data given in § 158, it was easy to sec that 
the formula of chloroform must be Cl Ida. <■ 

Again, camphor is known to have a molecular weight, of about 
152. It contains 78.9 per cent carbon, 10.0 per cent hydrogen, 

* By the specific heat we mean the number of calories fAppendix 11) of 
heat needed to raise the temperature of 1 g. of the substance 1" ('. The 
specific h< at of water is accordingly 1—varying slightly with the temperature. 
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and 30.5 per coni oxygon. A moloculo accordingly contains 
about— 

78.9 per cent X 152 = 120 parts by weight of carbon; 

10.0 per centX152 = 10.1 parts by weight of hydrogen; 
and 

10.5 per centX152 = 1G parts by weight of oxygen. 

Comparing these numbers with the atomic weights of the three 
elements ((1=12.005; 11 = 1.008; 0=10), it is evident that 

camphor lias the formula Omllir.O. 

If the substance for which the formula is to be derived is both 
non-volatile and insoluble, its molecular weight is always un¬ 
known. The most that we can then do is to find the simplest of 
many possible formulas. 

Thus, quartz contains 40.93 per cent silicon, and 58.07 percent 
oxygen; namely, 40 98 g. and 5:1.07 g. in a total of 100 g. Dividing 
these figures by the respective atomic weights we get: 

40.93-1-28.3= LOO gram-atoms of silicon; 

53.07-4-10. =3.32 gram-atoms of oxygen. 

Hut 3.32 is just twice 1.00. The simplest, possible formula, or 
empirical formula, for quartz is thus Si(L; though the true formula, 
if 1h(' substance were volatile or soluble, might prove to be SioO-i, 
Si^Oo, or any other whole multiple of the empirical formula. 

13. A certain compound contains 2(5.19 per cent nitrogen, (50.28 per cent 
chlorine, and 7.at per cent lmlrngcn. Odeulale its simplest possible (or em¬ 
pirical J formula. Wlial are some ol the other formulas^ which this substance 
may possibly have? 

14. What classes of compounds are of undetermined molecular weights? 
(live several examples. 

161. Formulas of the Elements. — The formulas of elements 
arc derived in the saint' way as those of compounds. Thus the 
least weight of oxygen contained in a given volume of any gaseous 
compound is just half the weight of oxygen in the same volume of 
pure oxygen, gas. Accordingly the least possible weight of oxygen 
in a molecule of afly compound (i. e., one atom of oxygen) must be 
half the weight of a molecule of oxygen gas; and a molecule of 
oxygen must contain two atoms. If we represent, the atom by O, 
the molecule must bo O 2 . 

By a similar reasoning we may show that chlorine is CI 2 , 
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hydrogen is Tin, nitrogen is Nn, etc. But sulfur vapor may bo 
Ss (at about 198° (’.) or Sn (at 800° C.). Tho inort, gases (§ 583) 
and tlio vapors of most metals have but one atom in a molecule— 
He, Ne, A, llg, Zn, etc. 

162. Exact Atomic Weights.— Since* the principle of Avo- 
gadro is only roughly true, molecular weights derived from the 
relative densities of gaseous compounds are but approximate 
ones, and lead only to approximate atomic weights. The same 
is true of freezing-point determinations. 

But when we have determined Loth the approximate atomic 
weight of an element and its combining weight./ we are in a posi- 



terminntion of the atomic weight of radioactive lead. 


tion to derive its exact atomic weight, for the exact atomic weight 
of an element is always simply related to its combining weight 
(review § 37). 


Tims, the approximate atomic weight of phosphorus—the least weight of 
that, element in 122.4 liters of any of its gaseous compounds--is about 30. 
Its combining weight tin* weight of phosphorus combined with X parts of 
oxygon to form phosphorus pent oxide—is 0.20X. Now, 30 is evidently about 

* Usually defined, somewhat arbitrarily, as the weight of a given ele¬ 
ment. which will combine with or replace N g. of oxygen. A given element 
may have several different, combining weights, since it may combine with 
oxygen in more than one proportion. 
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fivp limes G.20S; accordingly, Hip ('\act atomic weight is exactly 5XG.208 — 
31.04. 


15. The specific heat of a solid element is 0.112. Its combining weight, is 
lS.til. What is its exact atomic weight? 


To summarize: The exact atomic weight of an element is the 
simple multiple or sub-multiple of its combining weight that comes* 
nearest to its approximate atomic weight, already determined. 

The accurate determination of the combining weights of the 
elements, and thus indirectly of their c\act atomic weights, has 
bet‘ii the subject of an immense amount of labor. Many chemists 
have given years oi their lives to such investigations, which call 
for a thorough knowledge of chemical principles and the proper¬ 
ties of chemical compounds, combined with the highest exper¬ 
imental skill, and unlimited patience. The results that arc 
being obtained to-day art' reviewed each year by a committee 
of eminent chemists representing the I nited States, England, 
Fiance, (lermany, and Switzerland. The data that appear most 
reliable are then published as an International Tabic of Atomic 
Weight.* (front cover). 

163. The History of a Chemical Equation. —Before an equa¬ 
tion can Ik* written, experiments must be performed to separate 
and identify the various products of the reaction. This often 
calls for a very high order of ingenuity, experimental skill, and 
patience. But even after the products of the reaction have thus 
been separated, identified, and weighed, the equation cannot be 
written until their formulas are known. We have just seen 
(§ Hil) that these call for a determination of individual molecular 
weights and percentage compositions, and involve the use of 
atomic weights that are tin* result of the accumulated labor and 
thought of many investigators, during several generations. Thus, 
even so simple an equation as that representing the decomposition 
of potassium chlorate by heat, 

2KC 1 l(); ! ->2Kri+3(B, 


is the product of an unbelievable amount of toil and pains. 
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164. Graphical Summary.— 


Atomic and Molecular 
Theories 



EX ER DISKS 


16. Review the topics listed in the graphical sumn^irv, paying particular 
attention to portions of the text printed in Mack type. Then reproduce the 
summary from memory, stating briefly, m words, the successive stages of rea¬ 
soning there represented by arrows. 

17. flow many grains of sulfur in one mole of sulfur dioxide? 

IS. From tne formula of ammonia, Mil 3 , calculate the weight of 1 liter of 
that g-is at standard conditions. 



EXERCISES 


187 


10. What volume of ethylene g:is, CblT^ at standard renditions, weighs 
140 g.? 

20. Write an equation to express the fart that nitrogen tetroxide, N»()i, 
when heated, partially dissociates, to form molecules ol half the molecular 
weight here indicated. 

21. What is the approximate freezing point of a solution containing G.2 g. 
of glycol, ('11 4 (Oil> 2 , in 1 liter of water? 

22. If glycerol, (’.-II(Oil) , and alcohol, (’■..11..01I, sold for the same price 
per pound, which would he the more effective as an “anti-freeze*' in automo¬ 
bile radiators? Why? 

22. Explain how the approximate atomic weight of an element is deter¬ 
mined. Why is it only approximate? 

24. 'The s]*ecific heat of a certain element, A', is 0.0205. In one of its oxides 
51.S g. of A’ are combined with s g. of oxygen. What is its exact, atomic 
weight? 

25. A certain element is known to be* intermediate in properties between 
chromium (Cr) and iron tFe). Consult the periodic table to determine its 
approximate specifii heat. 

20 . If a compound of chlorine wen* to be discovered containing just half 
the weight of chlorine in a given \ olume that is contained in hvdrogen chloride 
gas, what change would need to be made m the atomic weight of chlorine? 
How would this affect the formulas ol all compounds containing chlorine? 

27. From the formula of caibon bisulfide, find the approximate weight of 
1 liter of its vapoi, leealeulated to standard conditions 

2 N. From the formula of potassium diehroinalc, calculate its percentage 
corn posit ion. 

2ft A certain compound contains 1.20 per cent hxdiogen, 2S.7X per cent 
phosphorus, and the rest ox\gen. Calculate ils simplest possible formula. 
What are some other possible loimulas? 

20. A certain compound contains 14.24 per cent iron, 0.20 per cent am¬ 
monium i N i 1 1 ), 10.22 pel cent sulfiu, 22.05 per cent oxvgcn, and the lest 
water of hydrat'on. Calculate .ts simplest pos.sil>le formula. 

21. The vapor ol a eeitain liquid is known to be about twice as heavy 
as air. W'liat is its approximate molecular weight? If it contains 02.02 
per cent i.irboii, 10.12 per cent hydiogcii, and 27.50 pei cent oxygen, wdiat 
is its formula? 

22 . What weight of watei vapoi and what weight of carbon dioxide will 
result from the combustion of I g of the picccding compound? 

22. To what particular class of elements docs the law of Dulling and 
Petit apply? State the law. and explain ils use. 

21. If 250 mg. of a certain vapor oceupv 00 ee., at 27’ C., under a pressure 
of S00 nun. of mercury, what is th*’ weight of 1 liter, in grains, recalculated to 
standard conditions? W’liat is the approximate molecular weight of this 
substance? 

25. Calculate thc^ipproxinialc weight of a liter of dry air, at standard 
conditions’’ 

20. When the air in a flask of 500 ee. capacity is displaced bv a certain gas, 
the increase in weight is 070 mg. What is the molecular weight of the gas? 

27. Explain (§ 27) why the percentage composition of a single compound 
is insufficient to determine the atomic weights of the elements contained in it. 

2X. What classes of substances are of unknown molecular weights? Give 
several examples, not found in the text. 
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39. Explain jus!, wdial data are needed in or dor !o dot ivo (ho formula of a 
compound. Illuslrntc the process lor walor. 

40. Exj>lain how d litis been proved that (ho formula of elilormc is Cl*. 

41. W hat arc combining weights? \\ htiI combining weight litis hydrogen, 
in wider, and in hydrogen peroxide, respectively? 

42. Wind, datti are needed to derive the exact atomic weight of tin ele¬ 
ment. Illustrate the process, using imaginary figures foi an element .V. 

43. Wlial is the standard molar volume 1 ' Show how it is calculated for 

oxygen gas. * 


Problem* Iiascil on tin (las Pair \ 

When a gas is collected over water, watei \upni mingle!, with the gas 
and lolievos the latter o! a pail of the piossure that it would otheiwise have 
to boar. The efloelivo pressure on the g:is itself is thus tin total ptrssnir less 
the vapor press an of irutu at tin (pien lempeiatan. The vapoi ]nessure of 
wtifer may be found m the chart m .\ppnnltj . 1 . wheie the middle setde 
represents temperatures and the upper scale the concsponding vapoi pleasures. 

Thus, at. 20 C. the vapor pressure of water is If.I mm. (('lie,'; this.) 
1 hen if a giis i-s collected over watei at 20 (with 1 he hmomelet standing 
at 740 nun. (and with the water standing at the same lex el within and without 
the vessel) the true pressure on the ga.s will be 740 — 17.1 - 722.0 mm. 


4 4. What is the vapoi picssiue of watei at If, and at 27' ('., re¬ 
spect ivelv? 

4f>. What, xx’eight of water is shown b\ the chart to be contained in I liter 
of salinated an at 30 C < lower scalei" 

40. At what lempeiat lire does watei boil 'jjsti) when I he exl.ei mil pressure 
is fit) nun ? 

47. What is the volume, drx, at standard conditions, ol a gas which 
measures 100 ec , when collected over watei at 27 (', with the balometer 
standing at 7f,0.f» mm *' 

4S. A certain gas measures 100 ec. when collected ovei watei at 17 ('. 
with the baromeiei standing at 730 mm. Wlial will be its volume, di \, under 
the same conditions of temperature and pressure? 
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THE PERIODIC LAW 


165. Passing the Elements in Review— Lot us pass the ele¬ 
ments before us in review, ni the order of increasing atomic weight : 

1. The element of lowest atomic weight is hydrogen, H = 1.008. 
This is a colorless gas, chemically like a metal, for it unites with 
non-metals, and is liberated at the cathode during electrolysis; 
but it is physically like 1 a non-metal, for at low temperatures, 
hydrogen is a snow-white, non-conducting solid. 

2. The element of next higher atomic weight is helium, He = 4. 
This is likewise a colorless gas, but certainly no close relative of 
hydrogen, for it. is chviniculhj inert. Exposed to the highest tem¬ 
peratures or to intense electrical discharges, or brought into con¬ 
tact with such active elements as fluorine or potassium, it fails 
to do anything at all. 

3. Next comes lithium, Li = 0.01, a soft, silvery-gray, low- 
melting metal, so light that it floats on water like wood, and so 
active chemically that if decomposes wafer, to liberate hydrogen 
and form an active base, lilhiuni hydroxide. Plainly, this element 
is no close relative of either hydrogen or helium. 

4. The element of next, higher atomic weight is glucinum, 
01 = 9.1, likewise a # metal, but not. such an active one as lithium, 
and very much harder, heavier, and more difficult to melt. Unlike 
lithium, again, if shows a valence of two in all its compounds. 
Evidently this is a member of still a different family. 

Thus we examine in succession: 

5. Boron, 13 = 10.9, a solid, infusible non-metal, valence 3. 
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f>. Carbon, 0 = 12.005, a solid, infusible non-metal, valence 4. 

7. Nitrogen, N = 1 LOOS, a gaseous, inactive non-metal, valence 
variable, 

8. Oxygen, 0=1(5.000, a gaseous, active non-metal, valence 
- 2 . 

9. Fluorine, F=19.0, gaseous, extremely active, non-metal, 
valence — 1. 

Thus far we are impressed by tlx* lack of similarity between 
the elements listed. There is hardly a single important point of 
resemblance. Plainly, the nine elements of lowest atomic weights 
are members of nine different families. 

But hereafter resemblances appear. For, 

10. Neon, No = 20.2, is a colorless gas, forming no compounds, 
and therefore of valence 0. Hero at last is a relative of tin* second 
element, helium. 

11. Sodium, Na = 22.00, is a soft, easily melting metal, floating 
on water, and decomposing it. Valence 1. Plainly a relative of 
the third element, lilhium. 

12. Magnesium, Mg = 21.22, a metal, so much like the fourth 
element, glucinum, that, we might, almost repeat our former 
description, word for word. 

We should expect the thirteenth element, aluminum, to resem¬ 
ble the fifth, boron, at least in its valence—and it does; the next, 
silicon, to resemble the sixth, carbon, and if dot's. Thus it begins 
to appear t hat, if we arrange the elements in the order of increas¬ 
ing atomic weight, elements of similar properties appear at reg¬ 
ular intervals. 'Phis is a rough statement of the Periodic Law, 
previously referred to as a means of checking approximate atomic 
weights, derived by other methods (§ 159). 

166. The Periodic Table. —The recurrence of similar elements 
at regular intervals makes it possible for us to arrange the elements 
in the oi’der of increasing atomic weight, but in such a way as to 
bring related elements together in tin* same vertical column. The 
final result is shown*in the table on the opposite page. Hydrogen 
is set out by itself, since it resembles no other element very closely. 
The eight following elements belong, as we have semi, to eight dif¬ 
ferent families. We therefore set them down in the first hori¬ 
zontal row, four at the left (lie, Li, 01, and B) and four at the right 
(C, N, (), V). 
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In the second horizontal row, wo set down the eight following 
elements, from neon (Ne) to chlorine ((’1) under the elements of the 
first row of most closely corresponding properties. These two 
rows are what we shall call the two short periods. 

The third horizontal row begins with argon (A), which is a 
gas, similar in its chemicnl inertness to helium and neon; Jmt. 
before we find another clement bromine (Br) that closely re¬ 
sembles chlorine and fluorine, we must pass over, not eight, but. 
eighteen different elements. This is the first long period. The 
first four and tin* last four elements of this period resemble the 
corresponding members of the two preceding short periods. 

A second long period, beginning with krypton (Krf, and ending 
with iodine (1) is beautifully regular; for each element, is found to 
resemble the corresponding element of the preceding long period, 
and is accordingly placed under the latter. There is one blank 
in this series, however, presumed to be due to an undiscovered 
element, in the position just below manganese. 

We begin the third long period with another inert gas, xenon 
(No), and all goes well for a time, elements of similar properties 
appearing at regular intervals. Presently, however, when we 
reach lanthanum, La = 139.0, we find that no less than fifteen ele¬ 
ments are known, where the table provides spaces for but two. 

This situation has occasioned no end of speculation, and considerable 
ingenuity has beet expended m trying to modify the periodic table in such a 
way as to provid a plnee for these extra individuals, commonly known as 
the rare earlli eh nenlx ASS). Hut the difficulty is that, they are all so 
closely related tni- tals, valence thief ) that they ought to lie placed in a single 
space under their nearest relative, yttrium [Yi). 

Following the rare earth elements, tin; normal course of affairs 
is resumed, elements of similar properties occurring at. regular 
intervals. Thus by leaving an occasional blank, presumed to 
represent an undiscovered element., we are able to complete the 
third period and begin a fourth one, which breaks off abruptly 
with the element, uranium. 

167. The Five Types of Elements.* —The Periodic Table, just 
constructed, shows that, the 87 known elements belong to 5 main 
types. 

1. At the extreme left of the table art; the inert gases —ele¬ 
ments that, fail to unite with any other elements whatever. 

•This topic is developed more fully in § 414. 
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2. Next to the right of those lie the light metals —elements in 
which metallic characteristics are most pronounced. All of these 
form active bases, which unite with acids to form salts, not easily 
hydrolyzed by water (§ 113). Those light metals all migrate toward 
the cathode* when a solution of one of their salts is electrolyzed. 

The extraordinary contrast between the inert gases and the 
light metals is symbolized in the table by a blank space between 
these two groups of elements. 

3. In column IIIA are the rare earths (§ 588), metallic ele¬ 
ments cxlrefhely alike, with valence almost uniformly three. 

4. In the middle portion of the table are the heavy metals. 
Metallic properties arc here less pronounced than with the light 
metals. Though they unite with oxygen or hydroxyl to form bases, 
these art* relatively inactive. Their salts are thus much more 
readily hydrolyzed by water than those of light metals. Though 
the heavy metals commonly migrate toward the cathode * during 
electrolysis, there an* some exceptions to this. The properties of 
the heavy metals, and their relationships to each other, are treated 
in detail in § 419. We may here merely note that among the 
heavy metals the contrast between elements in neighboring col¬ 
umns is much loss pronounced. In other words, definite resem¬ 
blances are frequently to be found between neighboring elements 
in the same horizontal row. In Group Y1I1, indeed, those hori¬ 
zontal relationships are Ihe important ones. Iron (Fo), for exam¬ 
ple, is closely related to cobalt (Go) and nickel (Nil, and has some 
important resemblances to manganese (Mil) and chromium ((V); 
but is practically unrelated to the two elements (Hu and Os) that 
occupy positions immediately beneath it. 

Note that aluminum, although of low specific gravity, is chem¬ 
ically a heavy metal. 

5. Toward the right-hand margin of the table are the non- 
metals. Their properties are the reverse of those of the metals. 
Their oxides unite with water to form acids; they do not form 
stable sulfates, nitrates, acetates, etc..; their chlorides are com¬ 
pletely hydrolyzed by wafer. During electrolysis they migrate 
toward the anode* 

168. Group Valences. —We can apply the periodic table* in a 
rough way in determining the valences of the individual elements: 

* Anode, cull lode, defined in § 12(>. 
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1. Group numerals of three or less (or the formulas, R 2 O, RO, 
R 2 O 3 ) represent the usual valence of the elements of the given 
group, and very often their only valence. Thus, the valence of 
scandium (Group III A) is +3; that of cadmium (Group IIB) is +2. 
But, gold and copper (Group IB) have each an extra valence 
(Au'", Gu") in addition to the one indicated by this rule. 

2. Group numerals of four or more represent the maximuin 
valence of the elements toward oxygen in stable compounds. 
Thus Iho maximuin valence of manganese (Group VII B) is 
7 (KM 11 O 4 ). This maximum valence is commonly manifested 
only wht'ii tin' element forms an acidic oxide or makes up part of a 
noil-metallic radical. A valence of two less than the maximum is 
common among non-metals; and in many case's a valence of eight 
less than the maximum (thus for S, valences of +0, +4, -2). 

3. The valence of the elements of the eighth or transition group 
is variable, ranging from two to eight. 

Since the three rules just given are subject to several exceptions, and since 
the heavy metals, in particular, usually manifest other valences, below the 
oik' that the rule indicates as a, maximum, if may be helpful in individual 
eases to refer to the small chart at the bottom of the table. This indicates, 
for instance, that chromium, the twenty-fourth elemenl, has valences of 
+2, +.‘J, and +(i; while germanium, the thirty-second element, has valences 
of —4, -j-~, and -f-1. 

169. Another Form of the Periodic Table. —On Iho opposite 
page, the preceding arrangement of the elements has been modified 
in such a way as to bring correspondingly numbered A and B 
groups together. To get this result, cut the former table through 
by a vertical line placed just to the right of Group VIII; then move 
the right-hand portion downward half a space, and shove it over 
to I lie left) "Hie elements formerly in the right-hand portion of 
the table are thus interpolated between the lines in which fho other 
elements appear. Elements thus transferred are here italicized. 

170. Practical Applications of the Periodic Table.—1. The 
periodic table and the generalizations to be drawn from it are of 
great assistance in the study of chemistry; for instead of consider¬ 
ing the properties of nearly ninety different elements, the student 
can concentrate his attention on a few that serve as types for the 
rest. Thus, the facts we have already learned concerning chlorine 
(Chap. XII) will help 11 s to remember similar facts concerning the 
related elements fluorine, bromine and iodine (Column VIIA). 
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important relationships, such {is the agreement m valence between the otherwise very dissimilar elements potassium and silver. 
Moreover, the real and important contrasts existing between the heavy metals and the other elements (§ 1U7) are here obscured. 
The first form of the table (repeated on the back cover) is therefore the one to which reference will be made in what follows. 
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2 . Historically, the most interesting application of 1 ho periodic 
table has been in predicting the properties of elements in advance 
of their discovery. 

Thus, whi'ii Memlelejeff published his classification, in 1S71, llu* (‘lenient 
germanium w:is unknown. To m:tke the following elements fall into their 
proper groups it was necessary to leave a blank in the periodic table where 
germanium now appears. Rut the great. Russian chemist did more than Ihik. 
he came out boldly with a forecast of the properties of the undiscovered ele¬ 
ment-properties which are evidently intermediate between those of silicon 
and tin. Fifteen years later, a (icrmnn chemist, Winkler, discovered german¬ 
ium, and verified the predictions of MendelejelT to the last particular. 

3. Review § 169. Historically, too, the periodic table has 
been of use in giving definite information concerning the true 
atomic weights of the elements; which, it will be recalled, cannot 
be determined directly, but are calculated whole multipVs of 
experimentally determined combining weights (§ 162). 

Thus the combining weight of glueimmi is 1 56, and chemists were for a time 
in doubt whether the atomic weight should be taken as two or three times that 
figure. Hut three time's 1.55 is 13.05, an atomic weight which would place 
glucinum between carbon and nitrogen, where the periodic table provides no 
place for it.. The conclusion is therefore that the atomic xxeiglil is 2X1.65 
= 9.10. This ]daces glucinum definitely in the second group, m the space 
between lithium and boron. 

4. The technical man, in fields related to chemistry, is apt 
to make frequent use of suggestions derived from the table. 

Thus, eleelrie stoves, toasli'is. flat-irons, and other household devices, 
small electric furnace's, and electrically heated o\ens for bakeries, were* made 
possible by the 1 discovery of some new allo\s capable of being drawn into wire, 
hard to oxidize, and of very high melting point. Some of these contain nickel 
and chromium (§ 525); but the relationship of nickel to cobalt and iron, of 
chromium to vanadium (horizontal) and to molybdenum (vertical) would 
suggest cobalt and chromium, iron and chromium, nickel and vanadium, nickel 
and molybdenum, and other combinations. Most of these allovs have act dally 
been tried, found promising for 1 lit' purpose named, and patented. 

It is apparent that since a patent's power to protect, and therefore its 
money value, depends very largely on its being drawn in such a wax as to 
anticipate and include all modifications of the original idea likely to bo suc¬ 
cessful, no inventor or patent attorney can afford to neglect suggestions likely 
to be contained in the periodic table. 

171. Atomic Numbers.—The number of the position that an 
element occupies in the periodic table is called its atomic number 

—one for hydrogen; two for helium, etc. In nearly every ease, 
the ‘-nh r of atomic numbers is the same as the order of increasing 
atomic weights. But in the case of argon (at. wt. 40) and potas- 
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sium (at. wt. 39.10) tlio order of atomic weights has to be reversed 
in order to bring these elements into the same column with related 
elements. Two other inst ances of reversed order of atomic weights 
(Co and Ni; To and I) occur in other parts of the table. 

The atomic number of an element, and thus its position in the 
periodic table, may be determined independently of its chemical 
properties by studying the waves (X-rays) that the element emits' 
when heated to incandescence by a stream of electrons (Fig. 53) 
in an evacuated tube. 


X-llays 



'kj -11 —An X-ray lube Practically all t.lu* air within the tube has been 
removed with the aid of a high-vacuum pump, such as that, described in 
§ 1)5. The evacuated space is then found to pass an cleclric current fairly 
readily, especially if the cathode is healed (with an electric coil). When a 
current, passes through the tube most of the electricity is conveyed as a 
stream of electrons, which are shot out from the surface of the cathode 
with velocities approaching that of light If this stream is permitted to 
fall upon a heavy metallic target the' latter is raised to incandescence, 
giving oft heat., light, and X-iays The latter pass through the glass walls 
of th(' tube, and may affect a photographic plate outside 

X-rays are now considered to be a distuibailee in the ether, ealist'd by the 
bombardment, of the target by the stream of electrons; somewhat as hail¬ 
stones, when they strike against a window pane, set up an audible dis¬ 
turbance in the atmosphere. X-rays differ from ordinary light in being 
about a thousand times as rapid in their rate of vibration. What con¬ 
cerns us here, however, is that this rate varies with tin* material of the target 
at which the X-rays originate Moseley, the pioneer in this work (1912). 
mounted samples of different, elements on a small ear, which was plant'd 
within the tube and moved by a magnet, in such a way as to subject, each 
sample in turn to bombardment by 1 ho electrons. The X-rays were 
reflected from the surface of a crystal (§30) and studied with a photographic 
plate It, turned out. that each increase of one unit, in atomic number— 
each advance, thaf is, of one space in the periodie table—produced a def¬ 
inite constant increase in the square-root of the rUtrntum rale of the X-rays. 
From the X-rays emitted by an element it is thus possible to tell where it 
belongs in the periodic table. 


Thus, it. has been made certain that the different elements in the periodic 
table have really been assigned to correct positions, even in those eases in which 
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those positions lead to a reversal of the order of increasing atomic weight. 
Incidentally, it seems reasonably sure; that there remain only five undiscovered 
elements, within the limits of our present, table. These are there represented 
by question marks. Whether there may not Vie undiscovered elements of 
atomic weight lower than Ihat. of hydrogen or higher than that of uranium, it is 
impossible to say; though there is no reason to believe that such is the case. 


172. Isotopes. — Thill on believed that all the atoms of any 
given element have exactly the same weight (§ 37). On the basis 
of this postulate, it has been possible to work out the relative; 
weights of the atoms of different elements—the system of atomic; 
weights (§ 102) at present in use. Nevertheless, different atoms 
of a given element, though of indistinguishable chemical properties, 
are often of different weights. The atomic weight of the element 
merely represents the arerage weighl, relative to of the 

several different, lypes of atoms. It is a constant quantity 
merely because these different types of atoms, as wo meet them 
in nature, are always intermingled in a constant proportion, 
and because they are of so nearly identical properties that no 
chemical reactions enable us to separate* them. 

Elementary forms of matter which appear to be identical 
in chemical properties, but which differ in atomic weight 
and in properties depending on atomic, weight, are called iso¬ 
topes. 


When positively charged particles are made to move in a vacuum under the 
influence of electrical and magnetic forces, particles of different, masses 
move in different paths, and produce images in different places on a photo¬ 
graphic plate. Jiy this means (jxiklIi re-ray analysis), it. has been demon¬ 
strated that neon, chlorine, magnesium, and a number of other elements are 
each a mixture iff two or more isotopes. Ordinary lead is now known to be a 
mixture of isotopes, which an* known individually in the different kinds of 
radioactive lead, produced by the disintegration (§ 601) of atoms of radium, 
actinium, and thorium. The atomic weight of lead thus varies with its origin. 
Nearly all 1 he elements that have been shown to consist of mixtures of isotopes 
are those the atomic weights of which are very noticeably different from whole 
numbers. Hydrogen, nitrogen, oxygen, sulfur, and phosphorus—elements in 
which the atomic weights are very close to whole numlxjrs—appear to be pure 
elements. The atoms of any one of these are all of the same weight. 


But if the atomic weights of the pure elements are really multi¬ 
ples of one. it seems very possible that the atoms of all the other 
elements are made up of atoms of hydrogen; or, more probably, 
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of atoms of hydrogen and helium. But. definile proof of (his has 
not boon given. 

All of the isotopes of any given el onion t, such as chlorine, are, 
so far as our present knowledge goes, identical in their chemical 
properties, occupy the same position in the periodic table, and 
have the same atomic number. 

The preceding remarks and those of § 11 determine our present, 
definition of an element. An element is a type of matter not 
decomposable by any of the means commonly resorted to in decom¬ 
posing compounds, and having properties that give it a definite, 
integral atomic number (§ 171)—which usually means a definite 
position in the periodic table. 

The atoms of a given element may differ in weight, but are 
believed to be identical in all their chemical properties. 

173. The Periodic Law. — If wo examine the elements in the 
order of their atomic numbers, w< find the valence rising irregu¬ 
larly to a maximum of seven or eight, then falling off to zero or one, 
and repeating. This is well presented in the small chart, at the 
bottom of the periodic table. This variation reminds one of the 
rise and fall of the tides, or the periodic recurrence of summer 
and winter. In mathematics a quantity that fir si increases 
ami then decreases in a regular way as a second quantity continues 
to increase is called a periodic function of the latter, hence the 


name Periodic Table. 

These rough analogies led Mendelejeff to state that “ the prop¬ 
erties of the elements are periodic functions of their atomic 
weight.” This remark is not only meaningless to persons of 
slight mathematical experience, but overstates the truth. For 
the atomic weights of the elements are a set of disconnected 
numbers, that do not form the successive values of a continuous 
variable. Moreover a function in mathematics is not considered 
as a periodic one unless the periods are of equal length. 

Atomic numbers are a more fundamental property than 
atomic weights; for all the isotopes of a given element differ 
in atomic mass, while having the same atomic number. Accord¬ 
ingly, it would seem best to abandon the preliminary form of the 
Periodic Law, based on atomic weights, as stated at, the close of 
§ 105. 

The best statement would seem to be: If the elements are 
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arranged in the order of their atomic numbers, elements of similar 
properties occur at regular intervals. 

174. Structure of Atoms. -(This section may be postponed to 
precede § 200). We have previously (§ El) directed attention t.o 
the presumption that though atoms resist all ordinary attempts to 
decompose them, they are not to be regarded as indivisible. The 
present view (§ 12.")) is that atoms are constructed of unit positive 
charges of electricity (protons) associated with unit negative 
charges (electrons). 

Experiments that cannot, lie described here * make ibseem prob¬ 
able that most of the mass oi an atom is concentrated in a nucleus. 



Fiu. to. -An atom of noon, ac¬ 
cording to 1 Ik* Lewis-Lang¬ 
muir theory. This is the 10th 
clement in the periodic table. 
An atom of neon is accordingly 
believed to consist of a central 
positive nucleus, containing 
ten more protons than elec¬ 
trons. (!rouped about this, to 
make* the whole atom elec¬ 
trically neutral are ten ex¬ 
ternal electrons, an inner 
pair, surrounded by a group of 
eight, occupying the corners 
of a cube. 



J'K. It -An atom of iron. 
The three concent lie groups 
ol eight elections each arc 
presumed to have something 
to do with the magnetic 
properties ol iron. 


This contains more protons than electrons, to a number cor¬ 
responding to the atomic number of that element. Thus an atom 
of iron (atomic number 20) is presumed to possess a nucleus con¬ 
taining 20 more protons than electrons. 

Grouped about this nucleus, or perhaps circulating about it in 
definite orbits, are external electrons, equal in number to the 

* See bibliography of books on the structure of matter, in appendix. 
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atomic number, ami therefore to the excess protons in the nucleus. 
Thus the atom as a whole is electrically neutral. 

It is presumed (1) that the nucleus determines the relative 
mass of an atom (atomic weight). 

(2) That the number and arrangement of external electrons 
determine its chemical properties. 

(:’>) The different isotopes of an element are presumed to • 
differ in atomic weight because their nuclei are constructed dif¬ 
ferently; but they are identical in chemical properties because 
they have identical systems of external electrons. 

Much remains to l>c learned concerning the manner in which 
the electrons are disposed within the sheathe, or external part 
of the atom. The evidence of the spectroscope (§ 44. r >) indicates 
that the electrons of any one atom circulate in a limited number 
of orbits, and that each spectral line (of the ordinary, as opposed 
to the X-ray spectrum) represents energy emitted when an 
electron passes over (“ falls in ”) from one orbit to an inner orbit. 
This, the Bohr Theory, has recently been brought into exact accord 
with precise measurements of tin* wave-lengths represented by 
spectral lines of the elements of simple structure. 

In all probability, then, the Bohr 'Theory contains essentials 
that will be included in the theories of the future. Yet chemists 
have been very much interested during recent years in the Lewis- 
Langmuir Theory, which ignores spectral data and represents 
the electrons as being stationary, or at, least as being representable 
by stationary points, for the purposes for which the theory was 
conceived. According to this, the most inactive elements, the 
gases of (Jroup 0, owe their inactivity to an unusuallj r stable 
arrangement, of their external electrons a stable, pair, or a stable 
pair surrounded by one or two groups of eight (octets) occupying 
the corners of a cube. For the elements of higher atomic 
numbers, in (Iroup 0, the outermost stable group may contain 
■1 or d2 electrons. Tabulate! , these assumptions appear: 


of Cm up 0# 

At. No. 

Croups of i Itrtrons, from center 

llo 

*> 

2 

No 
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Rii 

Nf» 
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By adding one electron to any of the stable groupings just 
listed, we get the electronic grouping of an element of Group l A. 
By adding two electrons we get that of an clement of Group II A, 
etc. 

To summarize: According to the Lewis-Langmuir Theory each 
element has as many stable groups of electrons as the inert 
gas at the left of the same row, in the Periodic Table of § 106; 
and, in addition, an outer shell containing as many more electrons 
as the given element is removed spaces to the right of Group O. 

Ions are formed by atoms or groups of atoms losing or gaining 
electrons beyond the number that is proper io those elements 
in the uncharged and uncombined condition; and tin* direct union 
of atoms (non-polar valence, § 12.5) is represented as due to 
electrons shared between neighboring atoms, as shown in Tig. 17. 



Fig. 47.—A molecule of carbon dioxide An atom of carbon and two atoms 
of oxygen have come together to share certain electrons in common Thus 
they have t>een able to form three stable pairs, surrounded by three stable 
octets, although the total number of external electrons available is only 
22 . 


EXERCISER 

1. State at least three particulars in which two undiscovered elements, 
one of atomic weight 219, the other of atomic weight 225, will be found to 
differ sharply. 

2. Explain the nature of the difficulty met in placing the rare earth ele¬ 
ments in the periodic system. 

3. Give a statement of the principal valence relations of the periodic table, 
stating whether the indicated valence is the usual one, or a maximum. 

4. Indicate the valence (+ or —) of each element, in the following formulas, 
and show that this valence was to be expected from the position of the element 
in the periodic table: 

Sn0 2 , AsH 3 , Ti0 2 , Pb0 2 , H 2 PtCl«, K 2 Cr 2 0 7 , NH 3 , IIN0 3 , 

IIB0 2 , AuCl, K 2 Fe0 4 , I 2 O t , NH 4 V0 3 , Bi(OII) 3 , La(N0 3 ) 3 . 

5. What synonyms are in common use for the words metal and non-metal, 
respectively? 
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G. Are the rare earth elements to he regarded as isotopes of a single ele¬ 
ment? Why or why not? 

7. Describe the work of Moseley in the determination of atomic numbers. 

8. Tell something of the supposed atomic structure of aluminum. 

9. Name in order the nine elements of lowest atomic weight, and describe 
the characteristics of each. Which of these, elements form oxides? Which 
chlorides, stable in the presence of water? Which dissolve in sulfuric acid to 
form sulfates? 

10. From analogies suggested by the periodic table, write formulas for 
such of the following compounds as you believe to exist. If you believe any 
of them to be non-existent, tell why: 

Silicon hydride, germanic oxide, selenic acid, phosphorus nitrate, rubidium 
sulfate, beryllium acetate, vanadium pentoxidc, argon fluoride 

11. Explain how the periodic table may serve as a cheek on the atomic 
weight of an element? What other check do we have on atomic weights? 
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CHLORINE-A TYPICAL NON-METAL 


175. Discovery of Chlorine. In 1774 the Sweetish chemist 
Scheele—one of the discoverers of oxygen (§47)—found 1 hut by 
heating hydrochloric acid, sometimes called muriatic acid, with any 
one of a number of oxidizing agents (such as Mn< > 2 ) one may obtain 
a greenish-yellow gas, with a powerful, irritating odor. Since this 
new substance was prepared by the use of an oxidizing agent, what 
more natural than to suppose that, it contained oxygen, whence 
the name, ox //muriatic arid gas. 

For more than forty years, chemists accepted this explanation 
of what happens when hydrochloric acid is oxidized. Then Sir 
Humphry Davy, the leading English chemist of a century ago, 
brought conclusive proof that, the greenish-yellow gas was an 
element, to which he gave the name chlorine (Greek, yellow-green). 


The story of how Davy upset the older view concerning chlorine is an inter¬ 
esting example of how a chemist, reasons when he sets out to diseover some¬ 
thing new. If oxymuriatio acid gas really contained oxygen, then it should 
have been able to pas? this on to other elements, forming oxides. Put 1 hough 
metals could be made to burn in the gas, the product, was never a metallic 
oxide; and when purified eiiarcoal was raised to a white heat, and the gas 
passed over it, there was practically no action, and 110 more than traces of the 
oxides of carbon were formed. 

Again, when the gas was heated with hydrogen, one would have exacted 
water to be formed, were oxygen present. Iiut, the product, obtained was 
hydrogen chloride, and this alone. 

Thus it was concluded that, the greenish-yellow gas under investigation 
was quite free from oxygen, and presumably an element, which could unite 
directly with hydrogen. Its formation from hydrogen chloride by the use of 
oxidizing agents was then to be explained by assuming that these gave up 
oxygen, which displaced the chlorine from combination with the hydrogen: 


4HCl+0 2 —> 2 II.O+ 2 CI 2 . 


176. How Chlorine Occurs in Nature—Chlorine never occurs 
free in nature, j.e., uneombined with other elements. It is far 
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too active for that. But combined with metallic elements to form 
chlorides it exists in inexhaustible quantities. 

1. The ocean, covering three-fourths of the earth's surface to an average 
depth of three miles, contains 2.8 per cent of common salt and 0.8 per cent of 
other metallic chlorides. This amounts to about six million cubic miles of 
solid sail., containing about 18,000,000,000,000 tons of chlorine. Even a very 
small arm of the sea contains a vast amount of dissolved solids. Long Island 
Sound, with about. 50 cu. mi. of water, could furnish three million tons of 
sodium chloride. 

2. Innumerable salt lakes, salt wells, and beds of solid salt are known and 
worked in every part of the world. Such salt deposits were formed during 
past, geological "ages by the evaporation of water contained in arms of the sea 
that were cut oil and surrounded bv land. In this country, salt is generally 
mined by sinking shafts to the deposits and pumping in water to form a sat¬ 
urated solution. This solution is brought to the surface, purified, and evafi- 
orated in vacuum pans, or used in the preparation of caustic soda and chlorine 
by tin; electrolytic process presently to be described. 

3. \\ e tind chlorine combined as hydrogen chloride in the gases belched forth 
by volcanoes. Certain streams on the slopes of the Andes carry away many 
tons of dissolved hydrogen chloride each day, and are so acid that no fish can 
live in them. 

A. Hydrochloric acid is secreted by the stomach and its glands as a con¬ 
stituent of the gastric juice— enough in a single day to make a fatal dose, if 
taken in concentrated form, by way of the mouth. 


HYDROGEN CHLORIDE 


177. Preparation of Hydrogen Chloride.—Before taking up 
chlorine itself we shall describe the preparation and properties 
of hydrogen chloride. This is prepared: 

1. In the laboratory, (a) By the action of sulfuric acid on 
common salt, using the apparatus described in § 105. 

NaCl+HjSO.i —► NaTlSO-i+IICl T . 


(b) By dropping concentrated hydrochloric acid on granular calcium 
chloride, contained in a flask. The* calcium chloride abstracts water 
from the hydrochloric acid, and hydrogen chloride gas escapes in a steady 
st ream. 

(e) By treating fused ammonium chloride in a Kipp apparatus (§ 71) with 
concentrated sulfuric acid. 

Write equation. # 

2. Commercially, by the action of sulfuric acid on common 
salt, in two stages. 

The salt, is mixed with the sulfuric acid and gently heated within an iron 
pun (.1) set, in brickwork, as shown in Fig. *18. The reaction that takes 
place here is that formulated above for the laboratory method. 
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When the reaction ceases, the solid residue of nodi urn acid sulfate, with an 
excess of unchanged sodium chloride, is transferred to muffle furnaces ( H, li) 
and heated to a higher temperature. Here a furl her reaction takes place, 
yielding normal sodium sulfate, commonly called salt-cake, a material used in 
the manufacture of glass (§ 402): 


NaIIS0 4 +NiiCl —XR 2 SO 4 +IICI I - 


This final stage cannot be realized on a small scale in the lahoMfory, since it 
requires a temperature at which glass begins to soften. The gas liberated 
in these two reactions is carried away by a current of air, and absorlied in 
water, yielding a rather impure (commercial ; hydrochloric acuk 


178. Physical Properties of Hydrogen Chloride Gas.— 1. 
Hydrogen chloride is a colorless gas, about one-fourth heavier 
than air. 


Check this statement, by calculation (§lf)4). Show that hydrogen 
chloride is only a little more than half as dense as chlorine. 



Fig. 48.—Commercial preparation of hydrochloric acid. 


2. It can be condensed to a liquid by pressure alone, lieing 
much more easily liquefied than nitrogen, oxygen, or hydrogen, 
but not quite so easily as chlorine or ammonia. 

3. Inhaled in traces, it litis a suffocating odor. The inhalation 
of any considerable amount will cause intense pain. 

4. It fumes in moist air. Other related gases (TIE, Iflir, III) 
behave in the same way, the fumes being really clouds of minute 
droplets of liquid hydrochloric acid, formed by solution of the 
gas in the water vapor of the atmosphere. 

5. Hydrogen chloride is extremely soluble in water. 

A lecture experiment to demonstrate this is shown in Fig. 49. A round- 
bottomed flask is filled with the gas, closed with a rubber stopper carrying a 
long glass tube, and inverted over a large beaker of blue litmus solution. If a 
few drops of water are introduced into the flask by means of a medicine dropper 
(Ab “ part of the gas immediately dissolves, creating a partial vacuum. 
Atmospheric p.-assure then forces a fountain of litmus solution from the beaker 
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up into the flask. That the solution of hydrogen chloride thus formed is an 
acid (hydrochloric acid) is shown by the fact that the liquid forming the 
fountain turns from blue to red. 

179. Hydrochloric Acid.— Hydrochloric acid is given the for¬ 
mula ITC 1 , the same as hydrogen chloride gas; for the latter is 
assumed merely to dissolve in an indefinite amount of water, 



Fi<;. 49. beet lire experiment to illustrate the extreme solubility of hydrogen 

chloride in water. 

Fui. SO.— Preparation of anhydrous aluminum chloride. Aluminum turn¬ 
ings, contained in a retort, are heated in a current of hydrogen chloride. 
The neck of the retort must, be rather wide, or it will be stopped up by the 
aluminum chloride produced. 


without (Mitering into chemical combination with it. It is recog¬ 
nized by the fact tjiat it, unites with ammonia (NH 3 ) to form a 
white cloud (ammonium chloride, NH 4 CI); though the related 
substances, HBr, HI—in fact any easily volatile add —will do the 
same thing. 

The principal chemical properties of hydrochloric acid, shared 
by other active acids, may be illustrated as follows: 
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1. It reacts with metals above hydrogen in the electrochemical 
series of § 72, liberating hydrogen :* 


Zn+2II('l = Znn 2 +lI 2 

Zinc 

clilornlc 


Even hydrogen chloride 1 gas, in absence of more than (races $f 
water, is similarly decomposed by medals (big. oO). 

2Al + ()Iin-2Al(’l :{ +:;iI 2 1 . 

2. It reacts with carbonates and sulfites, liberating carbon diox¬ 
ide and sulfur dioxide gases; 

Car<);H 2IK 1 1 = C an,-fTT 2 ()-f('(), ] . 

C.'llriiiin ('lllciunt 

ciLrliiin.'tl.c chloride 

( aS();. + 211(1 - ('a( ’ 12 +H 2 ( >+ S( h 

( 'ilIciiiiii 

Hullitc 

3. It reacts with metallic oxides and metallic hydroxides to 
form chlorides and water. 


MgO + 2Il(1 = Mg( 1 2 +II->0. 

Mivkhcsiiiiii 
chloi nlc 


KOII-j-IlCl - K( 1 + II 2 (). 

The chloride's of sodium, potassium, calcium, etc., are neutral toward 
litmus. Solutions of the chlondcs of the he'avy medals (iron, ceippt-r, le-ael, 
etc., are* ae-ieJ toward litmus). Explanation, § 114. 


CHLORINE 

180. Preparation of Chlorine by Oxidation of Hydrochloric 
Acid. —Chlorine is still prepared in the laboratory by the method 
by which it was first produced by Scheele, a century and a half 
ago: action of oxidizing agents on hydrochloric acid. 

1. The oxidizing agent most commonly used for this purpose 
is manganese dioxide, Mn(b. This is mixed with common salt 
and treated with sulfuric acid in a flask fitted with a thistle-tube, 
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T, and delivery tube (Fig. 51). The sulfuric acid, added through 
the thistle-tube, first acts upon the salt, liberating hydrogen 
chloride, which immediately reacts with the manganese dioxide: 

lIoSO, + NaCl =■- NallSO-i+IK'1. 

411C1+Mn(_)i! = 2TI 2 0-fCl 2 T+MnCl 2 .* 

The chlorine is eollee.ted, like hydrogen chloride (§ 105), by 
displacement! of air. A tube, B, filled with alternate layers of 



Fig. fil.--Laboratory preparation of chlorine. 

charcoal and slaked lime, serves to absorb any chlorine that 
would otherwise-escape into the room. 

2. Other common oxidizing agents are potassium permangan¬ 
ate, KMnOi, and potassium dichromate, K-_>('Mb. These are 
placed in a flask, concentrated hydrochloric acid is added through 
a dropping funnel, and the mixture is heated: 

lGIICl+2KMn(), = 8H 2 ()+5a 2 +2Kn+2MnCl 2 . 
HIICl+KaCraOy = 7H 2 ()+3C , 1 2 +2K( , 1+2W1 3 . 

Such methods arc too expensive lo he of commercial value. They do have 
the practical advantage, however, of being easily controlled, for the evolution 

* With an excess of sulfuric acid, the Mn01 2 is finally converted into 

MuSO* 
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of chlorine begins only when the flask is warmed, and stops almost as soon as 
the heating is discontinued. 

3. It is interesting to notice that chlorine may bo displaced 
from hydrogen chloride 1 even by the oxygen of the air, in the pres¬ 
ence of certain catalytic agents. 

Thus, if a mixture of air and hydrogen chloride, formed In bubbling air 
through concentrated hydrochloric acid, is passed thiougli a healed glass 
tube containing asbestos filler soaked in cupric chloride solution leafalv/er) 
the gas issuing from flu* other end of the tube will have a slight greenish "olor, 
and will answer to other tests by which we recognize chlorine: , 

4I1CH 0^‘2CL+21U). 

This reaction was formerly used for (lie preparation of chlorine on a large 
scale (Deacon jrroeexs) but had the disadvantage of being reversible, and there¬ 
fore incomplete. Moreover, chlorine is now prepared so cheaply In elect roly - 
sis that it would not pay, al least in the Tinted Slates, to make it trom hydro¬ 
chloric acid. The problem is rather to cause waste hydrogen and chlorine to 
combine to form hydrogen chloride. 


4. Nitric acid also reacts with hydrochloric acid to liberate 
chlorine (§301). 

Notice that these different methods for the preparation of 
chlorine from hydrogen chloride may all be summarized under one 
general rule: Whenever hydrochloric acid is treated with an oxi¬ 
dizing agent, the products are chlorine , water , and the chlorides 
of any metals contained in the oxidizing agent. Observe, further¬ 
more, that the direct oxidation of hydrochloric acid never gives 
such products as HCIO or HCIO:-,. 

181. The Preparation of Chlorine by Electrolysis.— Review 
§ 0«5. When an electric current, is passed through a solution of 
sodium chloride in water, chlorine is evolved at the anode and 
hydrogen at. the cathode, leaving sodium hydroxide (caustic soda) 
behind in the solution: 


2NaCl-f-211,0 —>2NaOII-f- IT, {']>. ? 

( 'ill ll ■><!«' 


A discussion of why we get these three prt^lucts rather than 
sodium and chlorine will be given later (§ 127). 


In the Nelson cell, the electrolyte is continued in a narrow steel tank con¬ 
taining a number of graphite anodes immersed in brine, and separated from 
the perforated sheet-iron cathode by a diaphragm of closely-woven asbestos 
cloth. The hydrogen and sodium hydroxide, formed at. tin* surface of the 
cathode, are efiectivelv separated by the asbestos cloth from the chlorine 




Flu. 53.—One of tho eight coll rooms at Edgewood arsenal. The entire plant 
was planned to eonffiin over 3000 cells, capable of producing 100 tons of 
liquid chlorine, and a somewhat larger amount of solid caustic soda, each 
day. 


The chlorine from the electrolytic cells passes by way of a tile gas-main 
through cooling chambers inh> a tower down which concentrated sulfuric acid 
trickles, and is thus dried. Dry chlorine is without effect on most, metals, 
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at ordinary temperatures, and may be put through compression pumps and 
transported in cast-iron mains, or in liquid form in lead-lined cylinders or tank- 
cars. 

Of the three products obtained by the electrolysis of brine, sodium hydrox¬ 
ide is always in greatest, demand in time of peace. Chlorine and hydrogen are 
mere by-products, obtainable m quantities more than sufficient, to satisfy the 
market. The greatest electrolytic installation ever known, however, was put 
into operation during Ihe war at Edgewood Arsenal, in Maryland, with chlo¬ 
rine as its most important objective. The hydrogen in this and most other 
plants has been permitted to run to waste. 

182. Physical Properties of Chlorine. — 1. Chlorine is a green¬ 
ish-yellow gas, which may be condensed to a yellow liquid by about 
six atmosphere's of pressure' at room temperature'. 

2. It has an irritating odor, and is very poisonous. 

3. It is about, two and one-half time's as heavy as air. 

4. Colei water elisseilve's about twice its own volume' erf chleirine. 
Hot water dissolve's very much le\ss. 

If a solution of chlorine in water is cooled in ice*, greenish crystals of chlo¬ 
rine hudralu separate. These 1 
have the composition 
Cb-SHoO. This substance 
was employed by Faraday 
to produce liquid chlorine. 

The crystals were placed in 
one arm of a sealed tube 
having the shape of an in¬ 
verted V (Fig. 54) and were 
there gently heated while 
the other arm of the tube 
was cooled in ice. Presently 
the crystals melted, forming 
a layer of liquid chlorine 
below the layer of water 
(the two substances being 
but very slightly miscible, 

§121). The liquid chlorine , , . ... ... 

then evaporated and con- M which chlorine was 

densed in the cold arm of first liquefied (laraday). 

the tube. 

183. Direct Union of Chlorine with Other Elements.—1. 

With Hydrogen. When chlorine is mixed with*hvdrogen no action 
takes place, so long as the mixture is kept in the dark. In dif¬ 
fused sunlight the two gases combine slowly to form hydrogen 
chloride: 



H 2 +Cl 2 = 2JI(’l. 
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In direct sunlight, or in the light of a burning magnesium ribbon, 
the reaction is instantaneous—an explosion. As a lecture experi¬ 
ment, a small flask cont aining a mixture of hydrogen and chlorine, 
previously tilled in the dark, may be safely exploded if placed 
within a closed basket of fine wire gauze, to retain the flying frag¬ 
ments of glass. 

2. With Metals. When metallic antimony is thrown into a jar 
containing chlorine gas, the metal catches fire at once, forming 
poisonous white fumes, mainly antimony pentaehloride, SbCls. 
Similarly, metallic mercury is attacked at ordinary tonijieratures, 
becoming covered with a white scum of mercurous chloride, HgCl. 
For this reason if is impossible to collect chlorine gas over mercury. 

A small flask, containing a little gold-leaf, is partly evacuated 
by means of an air pump. If some chlorine gas is then admitted, 
no action on the gold-leaf takes place if the chlorine is perfectly dry, 
but on the admission of a drop of water the leaf suddenly dissolves 
(forming auric chloride, Audi:?). 

This is one of the many reactions in which traces of water are 
necessary. As a matter of fact, most metals are not attacked by 
perfectly dry chlorine. Sodium may even be melted in an atmos¬ 
phere of dry chlorine, without any combination taking place. 

3 . With Non-metals. Phosphorus burns in chlorine to form 

phosphorus trichloride, a liquid; and phosphorus penta¬ 

ehloride, P01r„ a solid. Sulfur burns in a limited supply of chlo¬ 
rine to form sulfur monochloride, S^Ch. This liquid has been used 
as a solvent for sulfur, in vulcanizing rubber (§ 353). 


If a piece of charcoal (earbon), held on the end of a heavy copper wire, is 
heated in the air in the flame of a Bunsen burner, the charcoal will catch fire, 
but the copper is only very slowly oxidized. If we now thrust the material 
into chlorine we find the reverse to bo true. The charcoal stops glowing, for 
chlorine will not unite with carbon directly (§ 175); but the copper gives off 
torrents of greenish smoke, uniting with the chlorine to form a solid compound, 
cupric chloride: 

Cu+Cl 2 — CuCl,. 


If a piece of filter paper is moistened with warm turpentine (0| tl Hie) and 
dropped into a jar ofrhlorine, t here is a sudden react ion, evolving black smoke. 
The chlorine has united with the hydrogen of the turpentine, forming hydro¬ 
gen chloride, and setting the carbon free. This shows again the inertness of 
carbon toward chlorine. 


Note that in nil the preceding reactions of chlorine, another 
element has its valence increased. This is- oxidation (§ 133). 
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Accordingly, elementary chlorine serves as an oxidizing agent. 

In such cases it is itself reduced, decreasing in valence from 0 
to —1. 


184. Action of Chlorine on Water and Bases. —When chlorine 
is dissolved in water it Tenets to souk* extent, wiih the latter to 
form hydrochloric acid, HC1, and hypochlorous acid, HCIO. This 
is proved by the fact that the solution will neutralize buses. Butf 
the solution retains the greenish color of chlorine gas, an indication 



Flu. 55.—A plant for hqiH'Ismg chlorine. (\ tinders of liquid chlorine in 

foreground. 

that the reaction producing the 11 <T and IKK) must lx* incom¬ 
plete: 

CI2+1I2O ^un+iino. 


So long as nothing happens to disturb the equilibrium, the 
four substances remain in contact with each other indefinitely. 
But hypochlorous acid is very unstable, decomposing to form 
hydrochloric acid and oxygen: 

2IKTO = 2IK ']+()j t . 


This decomposition is accelerated by sunlight. Accordingly an 
aqueous solution of chlorine that, is subjected to the action of 
light will presently lose all its green color, and be converted into 
dilute hydrochloric, acid. 
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If for chlorine and water we substitute chlorine and a base, such 
as KOII, then instead of IK’l and 11 ("IO we get the corresponding 
salts (and water): 

Cl 2 +2KOlI - K(’l + K('l() H-1I 2 0. 

I’otiMHHIlllTI PotllHHIllIll 
cliluiidc hypochlorite 


But, if the solution is warmed, the hypochlorite is changed into’ a 
chlorate. 


The hypochlorites and chlorates are discussed in the next ’ 
chapter (§§205, 200). 

185. Bleaching by Chlorine.— One of the most important 
applications of chlorine is in bleaching cotton and linen goods, 
preparatory to dyeing. The best grade's of paper are frequently 
bleached during manufacture. 

This property of chlorine may be shown by hanging some 
strips of litmus paper or moist, colored calico in a cylinder of the 
gas. The color is usually completely discharged in a few minutes. 
Printer’s ink, which consists largely of carbon, is not affected by 
chlorine'; neither .are most natural mineral pigments. 

It is significant that dry chlorine does not bleach dry cloth. 
This is believed to indicate that the bleaching is preceded by the 
formation of hypochlorous acid, by the action of the chlorine on 
water. It is the chlorine of hypochlorous acid, and not elementary 
chlorine, which is the* real oxidizing agent, decreasing in valence 
(§ 133) from -j-1 to—1. 



Cotton cloth, ns It comes from the mill, is yellowish and unfit for direct 
dyeing. It is first singed, to remove the downy pile or fuzz from the sur¬ 
face. It is tlu'ii passed through a boiling solution of lime-water or sodium 
carbonate to remove grease and resinous matter, through dilute hydro¬ 
chloric acid to neutralize the lime, through a solution of bleaching powder, 
then dilute acid which reacts with the bleaching powder and liberates hypo- 
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chlorous arid. Extremely thorough washings (not shown in thr figure) inter¬ 
vene between th(‘se successive stage's in the bleaehing process. After a final 
washing, the cloth is treated with a little sodium thiosulfate solution (unti- 
chlor) to remove any traces of chlorine that may remain m it,. 

186. Tests for Chlorides and Chlorine.—1. Hydrochloric acid, 
or any metal chloride, when dissolved in water, will pvt* a while 
cloud or curdy precipitate (silver chloride) if a few drops of silver 
nitrate solution are added: > 


KC1 + AgN<> 3 

PntiiSHUllii Silver 

eli Ion ill 1 nitrate 


a k < '1 1 

Sil\ er 
rliloi n!«• 


+ KNO.n 

t’nl MNMimi 
lilt l^lle 


To make sure that this precipitate is really silver chloride, it is 
necessary to make a further test. The liquid is poured through 
a filter paper to separate the precipitate; then the filtrate is set 
aside and an empty test-tube placed under tin 1 funnel. Nf w, on 
adding a little dilute ammonium hydroxide, the precipitate should 
dissolve completely; but the solution thus iormed, collecting 
in tilt' test-tube below the funnel, should give a new preeipitate, 
as soon as the ammonium hydroxide it contains has been neu¬ 
tralized with a slight excess of any acid. 

Mercurous nitrate, llgNOjj, and lead nitrate, Pb(N( may 
also be used as tests for chlorides, for they too give white precipi¬ 
tates with hydrogen chloride or any metallic chloride. 


Review §122. Write and balance equations tor the reactions of silver 
acetate, mercurous nitrate and lead nitrate, respectively, with hydrogen 
chloride, calcium chloride, and aluminum chloride. 


2. When chlorine gas is present in air in considerable con¬ 
centration, it may be recognized by its color and odor. When 
present only in minute traces, it is easily detected by bubbling 
the air through a solution of potassium iodide. Iodine is then 
liberated in quantities exactly equivalent to the chlorine in the 
air, and colors the solution yellow or brown: 


2111 -f = 2KC1+1 2 . 

«> 

If a little dissolved starch is present in the solution, along 
with the potassium iodide, it will be turned blue by the iodine 
that is liberated. Sometimes filter paper is dipped into a solution 
containing potassium iodide and starch, and afterward dried 
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in an atmosphere free from chlorine. If a strip of this text- 
paper is moistened and hung up in a room in which small amounts 
of chlorine are present, it will presently be turned blue. It must 
be remembered, however, that the property of liberating iodine 
from potassium iodide and of thus acting indirectly upon starch 
is not confined to chlorine. Hydrogen peroxide, ozone, nitric 
oxide, bromine, and many other substances- in fact oxidizing 
agents in general -will do the same thing. 

A solution of clilorinc g;is in water always gives a faint precipitate with 
silver nitrate solution. Explain. 

t> 

Summary: 

Tests for chlorides: AgN( ) :i produces Ag( '1, soluble in NII.jOlI; 

IlgNOa produces llgCl, turned black by 
Ml,Oil: 

l’btNO.dj produces Pb( ']•>, dissolved by 
hot water, remaining white in Nil,OH. 

Test for chlorine: Starch Kl paper—turned blue. 

How would you distinguish he tween three solutions, one Kl, one KC1, one 
AgN( ).i? 

187. Uses of Hydrochloric Acid and Chlorine. - Hydrochloric 
acid competes with sulfuric acid for the honor of being the* world’s 
most important acid. It. is used in very large quant it ies for the 
purification of bone-black, which is employed in the manufacture 
of white sugar (§§327, 3(57); for extracting glut 1 from bones; for 
preparing glucose syrup from corn starch (§§ 308, 309); and for 
making ammonium chloride, thousands of tons of which are con¬ 
sumed in the manufacture of dry-cells. Metals are frequently 
prepared for enameling by pickling in hydrochloric acid. 

Chlorine is still placed on the marked chiefly in the form of 
bleaching powder; but this is tending to be displaced by liquid 
chlorine, for bleaching cloth and paper and for sterilizing water. 
Large quantities are used in the manufacture of sulfur mono- 
chloride (§ 183),•dyestuffs (§372), hypochlorites (§ 205), and 
chlorates (§ 207). Another important use is in recovering tin 
from tin scrap (§ 509). 

Almost all the toxic “gases” employed in the (Ireat War 
were volatile liquids, containing chlorine. Chief of these were: 
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Phosgene, COCl^. 

Mustaril gas, Cl ■ ( \>IL, • S ■ (U ■ Cl 

Tear gas (ohlorpierin), (VlaNOa- 

188. Graphical Summary. 




Hydrogen Chloride 

Chlorine 

Test 

AgNO, 

starch, KI 

Action on hydrogen 

none 

direct union 

Action on metals 

hydrogen replaced 

direct union 

Action on non-metals 

none 

direct union 

Action on water 

dissolves 

forms J1CI and 
lino faction 
reversible). 

Action on bases 

forms chloride 

forms chlorides 
and hypochlor¬ 
ites feold); or 
chlorides and 
chlorates (hot). 

l \CK 

(§ 1ST) 

(§ 1K7) 


EXERCISES 


1. Saturated brine contains 20 per cent NaCI by weight . IIow many tons 
of water need to be evaporated for every ton of salt produced? 

2. A salt well produces brine containing 20 per cent. NaCI, 0.4 jkt cent. 
NaBr, and 1.5 Mg('U by weight. This brine is concent rated until three- 
fourths of the NaCI crystallizes out., practically pure. The mother liquors 
weigh one-fifth as much as the original brine. Calculate their percentage 
composition. 

3. What salt deposits are found in your own state,and how are they mined? 
Where is the iwarest electrolytic soda plant? What disposition is made of the 
chlorine and hydrogen? 

4. What happens, in general, when an oxidizing agent acts on hydrochloric 
aeid? Illustrate with equations, using the following oxidizing agents: sodium 
chromate, calcium permanganate, red lead oxide (PbuOd, air, lead dioxide 
(Pb0 2 ). 

5. Define oxidation and reduction with respect to valence change. Which 
element, is oxidized and which reduced when zinc dissolves in hydrochloric 
acid? 
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(i. From the formula of chlorine and its atomic weight calculate the 
weight, of a liter of chlorine at standard conditions. What is the weight of a 
liter of phosgene, (XKJ1*, at standard conditions? Are the weights thus cal¬ 
culated accurate or only approximate? Why? 

7. Calculate the relative heaviness of phosgene with respect, to air. 

S. Write formulations to represent the reaction to be expected between 
chlorine and each of the following substances: copper, sulfur, phosphorus, 
potassium hydroxide, ferrous chloride, potassium iodide. 

9. Distinguish between a test for a chloride and a test for chlorine, illus¬ 
trating each by an equation. 

10. Tell how the following substances may be prepared, and write eqmn 
lions: sodium hydrogen sulfate, normal sodium sulfate, chlorine, silver chlo¬ 
ride, sodium h ypochlorite, ammonium sulfate. 

11. Write equations for the preparation of the following substances by 
methods described in this chapter: mercurous chloride, lead chloride, ammo¬ 
nium chloride, magnesium chloride, zinc chloride, aluminum chloride, potas¬ 
sium chloride. Toll whether tin* reaction is complete or incomplete in each 
case, and why. 

12. From your study of analogous reactions f§ 170) predict the names of 
the products that are formed when hydrochloric acid reacts with: potassium 
sulfite, zinc carbonate, metallic mngn'sium, ferric hydroxide, barium oxide, 
ozone (§ DO). \\ rite and balance equation in each case. 

to. Explain how sulfuric acid or calcium chloride is able to liberate hydro¬ 
gen chloride from a concentrated solution of hydrochloric acid. 

14. How would you distinguish between four solutions, one containing 
sodium nitrate, one silver nitrate, one mercurous nitrate, and one lead nitrate 
(§ I HO)? 


15. How would vou prepare lead chloride from each of the following, in 
one ste'p, or in several steps: metallic lead, lead carbonate, lead hydroxide, 
lead nitrate? Write equations. 
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Chlorine and oxygen are much alike in uniting direrllv with metals, non- 
metals, and hull-open in energetic reactions that take place with the evolution 
of heat and light. But, all tlimps considered, the nearest relatives of chlorine 
an* the elements fluorine, bromine, and ioduie (Column YU A of the Periodic 
Table;. 


189. Halogens, Halogen Hydrides, and Hydrohalogen Acids. - 

The four elements fluorine, chlorine, bromine, and iodihe are called 
halogens (Greek, xitll-fonncn s) because the three last named arc 
found in combination with metals, in the impure salt obtained by 
ovajioruting sen-water. Note (‘specially the order in which they 
are here named which is the order of increasing atomic weights. 
Sometimes we speak of them as the halogen family, because of the 
striking similarities that exist between them. 

The halogens, in the free or elementary condition, are all 
colored. Fluorine is a yellow gas; chlorine a greenish-yellow gas; 
bromine a dark red liquid; iodine a purplish-black solid. Rut 
the compounds formed by the union of the halogens with hydro¬ 
gen ait* all colorless gases. These are the hydrogen halides: 


Hydrogen fluoride, I IF or Il jIG 
Hydrogen chloride, 11(1 
Hydrogen bromide, 11 Hr 
Hydrogen iodide, HI 


These hydrogen halides are all extremely soluble in water (§ 178)— 
.500 or 000 volumes in one volume of water, at ordinary tempera¬ 
tures. The solutions thus formed are the hydrohalogen acids - 
hydrofluoric acid, hydrochloric acid, hydrobroinic acid, hydriodic 
acid. These are very much alike in their properties (§ 192). 
Their salts (NaF, MgRra, Alla, etc.) are collectively known as 
metallic halides. 

Hydrogen fluoride differs from the othor*hydrogen halides 
in its tendency for two molecules to associate (§ 157) to form 


* In brief courses, most, of this chapter may be omitted, since the previous 
discussion of chlorine gives an indication of the properties of the halogens in 
general. 
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complex molecules of the formula IT 0 F 2 . It is an extremely 
poisonous substance, causes very painful burns if dropped on the 
skin, and will etch glass. Nevertheless it is much less active 
chemically than the oilier hydrohalogen acids. Sodium fluoride, 
for example, reacts alkaline toward litmus (§ 114). 

190. Preparation of the Hydrohalogen Acids from their Salts.— 

1 . We would expect to be able to prepare all the hydrohalogen 
acids by the method we used for preparing hydrochloric acid 
(§ 177)— namely by heating any metallic halide with a non-volatile 
acid. Thus jf powdered calcium fluoride is mixed in a lead dish 
with concentrated sulfuric acid, we obtain a colorless gas which 
fumes in the air, produces a white cloud with ammonia gas, and 
dissolves readily in water. These are all properties wo should 
expect hydrogen fluoride to possess, from its known resemblance 
to hydrogen chloride. Wo accordingly formulate the equation: 

( a V ->+1 Il>S( ), = OaS<>,+2IIF |. 

2. If we attempt to prepare hydrogen bromide by heating 
crystals of some bromide in a test-tube with concentrated sulfuric 
acid, the result, is not so satisfactory. At first we got a colorless 
g.as, fuming in the air, and possessing the other properties to be 
expected of hydrogen bromide. But red vapors appear. Evi¬ 
dently bromine is being produced. Nevertheless if the sulfuric 
acid is somewhat diluted with water (sp. gr. of solution 1.4) 
very little of the red fumes of bromine appear. The reaction may 
accordingly be formulated: 

NaBr+H 2 S().i = NaTISO^+11 Bit. 

3. If we attempt to prepare hydrogen iodide by pouring sul¬ 
furic acid over crystals of sodium iodide there is some evidence of 
the formation of hydrogen iodide. But the purplish vapors of 
iodine appear in considerable quantities, even if the sulfuric acid 
has lx;cn considerably diluted with water. The best results are 
obtained if-phosphoric acid is used instead of sulfuric acid: 

NaI+H 3 P() 4 = NaHuPO i+1111. 

Morionotlnim 

phosphate 

To summarize: The hydrogen halides are prepared by heating 
metallic halides with a non-volatile acid, such as H 2 SO .1 or H 3 PO 4 ; 
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though concentrated H 2 SO 4 may not be used for preparing HBr, 
nor even dilute H 2 SO 4 for preparing HI (reasons in $ 192). 

191. Hydrolysis of the Phosphorus Halides. —When phos¬ 
phorus burns in an atmosphere of chlorine gas it forms a liquid, 
PCI3; or, if the chlorine is present in excess, a white solid, PCI5. 
Both these substances are violently decomposed by water: 

p ch 4:111-0= Ti;tP( )a +:mri; ’ 

IMioxpiii Phosphorous 

t riehloi ido id 


POlr, +III2O- 
Phosiihorus 
pi'litiicldui ul(> 


These are eases of hydrolysis— (§ 



II3PO1 -follCl. . 

Phosphoric 

iirid 

ll.‘l). 



Hydrobromic acid may similarly be prepared by liydrolysis of 
phosphorus tribromide. 

We place some red phosphorus in n few cubic centimeters of water in the 
bottom of a flask (log. f)7j, and permit lipoid bromine to dnp upon if from a 
dropping funnel. The reaction takes place violently, the two elements 
uniting with a flash of light to form phosphorus tribromide, which is imme¬ 
diately decomposed by the water. 

2P+3Br 2 = 2PBr„ * 

PBrj-f J{H z O = HjPOj-l-.'lll Ur j . 

Hydriodic acid may be prepared by a similar method. 

In this ease, we usually mix the red phosphorus with a large excess of iodine 
and heat the- mixture cautiously in the bottom of the llask until the two eie- 



PROPERTIES OF HYDROGEN HALIDES 


223 


incuts have united to form PT a . Water is then slowly added from Hie drop¬ 
ping funnel (Fig. AW). The stream of hydrogen iodide Ihus produeed is freed 
from iodine vapor by being passed through a l’-tube containing a few drops 
of water. 

Pis -bIa+4H 2 ()= H J’Oi+5111 1 . 

To summarize: The hydrogen halides may all be prepared by 
decomposing the phosphorus halides with water. 

192. Chemical Properties of the Hydrogen Halides.—Review 
§§ 179, ISO. The most important properties of the hydrogen 
halides may be summarized as follows: 

(1) They react with bases (and combine directly with am¬ 
monia gas) to form salts: 

2TIRr+(’a ((>11) 2 = (\aBr 2 +lI 2 0. 

('iiiciiiiii 
lllnllillii- 

III f Nila - NII 4 I. 

■V m 111 • 1111 tim 

uidiilc 

(2) Their hydrogen is readily displaced by metals that lie 
above hydrogen in the electrochemical series. 

Zn + 211 Br = Znlir 2 + II 2 | . 

Another example is the action of alumimim on hydrogen chloride 

(§179). 

(3) Their solutions decompose carbonates, sulfites, sulfides, 
and similar salts, liberating a gas. Review §111. 

211 Ur-T ('a( X)y = CaBr 2 +11 2 ()+C( >2 I ; 

211 f 'I -j- MgSt h = M gCl 2 +TI 2 0+S( > 2 | ; 

2IlI + ZnS = ZnIa+lIaS | . 

The direction of such reactions is of course controlled by the cir¬ 
cumstance that one of the products happens to Ik* a gas, which 
is but slightly soluble and (‘scapes. Salts of acids less volatile than 
the hydrohalogen acids themselves would not be similarly decomposed. 
(Give two example^.) 

(1) All the hydrohalogen acids, with the exception of hydro¬ 
fluoric acid, can be oxidized, the product in each case being a 
halogen and water. I 11 illustration of this principle we have 
already noted the action of a number of different oxidizing agents 
on hydrochloric acid, forming chlorine and water' (§ ISO). Hydro- 
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bromic acid is still more readily oxidized, for even concentrated 
sulfuric acid is able to oxidize it. This is the reason why sulfuric 
acid has to be diluted before it can be used in the preparation 
of hvdrobroinic acid from metallic bromides (§ 190). 

Hydriodic acid is so readily oxidized that even very feeble 
oxidizing agents are able to oxidize it. Thus concentrated 
hydriodic acid acquires a brownish tinge, on standing in the ait, 
from liberation of iodine (write an equation showing that this 
change is due to the action of the oxygon of the air). But to say 
that hydriodic acid is easily oxidized by other substances is the 
same as saying that it is a vigorous reducing agent. 

193. Secondary Reactions.— The student must strive to 
develop a vivid sense of the properties of substances, to predict 
whether they will react, with each other, and is to what will be 
produced. Rut another point needs emphasis: Sometimes the 
products of a reaction react with each other or with an excess of 
one of the original reactants, giving new products, in what is 
called a secondary reaction. 

Consider the action of sulfuric acid on crystals of sodium 
bromide. We have already seen that fairly dilute sulfuric acid 
(sp. gr. 1.4) liberates hydrogen bromide, the reaction being one 
of double decomposition: 

11 ..S( > *+N aBr = NaIIS0 4 + IIBr. 

But hydrogen bromide is easily oxidized, and concentrated 
sulfuric acid is a vigorous oxidizing agent. The result is that 
if we employ sulfuric acid of a specific gravity much greater than 
we have indicated, its oxidizing properties come into play—part 
of the hydrogen bromide is unable to get away, but is oxidized 
to water and bromine. 


2HBr+i I 2 SO., = Br 2 -f-2IIoO+S0 2 . 

It might be presumed that we could get arc^ind the difficulty, 
and prevent this secondary reaction, by using just the quantity 
of sulfuric acid called for in the principal equation. But the first 
portion of the hydrogen bromide set free would even then find 
itself in the presence of an excess of sulfuric acid, and a part of 
it would be oxidized before it could escape. 
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The conclusion is then that we must act upon bromides with 
sulfuric acid that has been somewhat diluted, if we wish to get 
hydrogen bromide uncontaminated by bromine ; or we must employ 
phosphoric acid, which will not oxidize any of the hydrogen halides. 

The preceding reaction illustrates a fact we have pointed out 
several times before; that any given chemical formulation or equa¬ 
tion is true under certain definite conditions, which the student is 
expected to be able to state. Under other conditions, an entirely 
different reaction may take place, or none at all. 

194. Quantitative Reactions. Yield.— A balanced equation 
will enable one to calculate how much of a desired product may 
be obtained from a given weight of raw material only in case (1) 
the reaction is complete and (2) no secondary reactions occur. 
Furthermore (3) it is necessary that the desired product shall be 
separable from other products and from any unconsumed excess 
of reactants, if these three conditions are satisfied, we actually 
obtain from the reaction the quantify of the product that is cal¬ 
culated from the equation. The reaction is then said to be 
quantitative, or to have a yield of 100 per cent.. Of course only 
such reactions may be employed in quantitative chemical 
analysis (§39) or in the determination of atomic weights. But 
many important commercial processes are carried out with yields 
not exceeding 80 per cent; and a few reactions used in the manu¬ 
facture of dyestuffs have yields of hardly 10 per cent. 

195. Physical Properties of the Halogens.- Turning now from 
a consideration of the hydrogen halides to the halogens themselves, 
uncomhined with other elements, let us nob' again that the latter 
are all colored. But the depth of color and density increase with 
increasing atomic weight. Fluorine (at. wt. 19) is a yellowish 
gas; but iodine (at. wt. 127) at the other end of the list is a 
purplish-black solid. But the chemical activity is found to 
decrease with increasing atomic weight. 


Summary: 

Atomic weight 
Color 

Physical stale 
Solubility in 
water 

Chemical Ac¬ 
tivity 


Fluorine. 

Pale yellow 
(las 

Violent reac¬ 
tion, yielding 
HE and () 3 


Chlorine. Bromine.. 

3f) Hi 79 92 

(Ireenish-yellow Dark red 

(las Liquid 

0.0 g. —200 ee. in 3 g. -1 ee. 
100 ee. in 100 ee. 


Iodine. 

120 92 

Purplish-black 


Solid 

About 0.03 g. 
in 100 ee. 


Greatest' 


■Least 
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197. Preparation of the Halogens by Oxidation of the Hydro¬ 
halogen Acids. —The halogen elements are commonly prepared in 
the laboratory by oxidizing the hydrohalogen acids. But fluorine 


cannot thus be prepared, for hydrofluoric acid 
cannot be oxidized by any known oxidizing 
agent. We have already soon that any one of 
the more vigorous oxidizing agents will oxidize 
hydrochloric acid, forming water and chlorine 
(§ 180). 




Fiu. f>!).—Preparation of bromine. 


Eui. (if). -Preparation 


of iodine. 


Bromine may be made by heating a mixture of manganese 
dioxide and sodium bromide with concentrated sulfuric acid in a 
glass-stoppered retort (Fig. f>P). The livdrobromie acid produced 
by the action of the acid on the salt 

KaBr+II 2 S 04 = NaIIR0. 1 H-IIBr, 
is immediately oxidized, 

2IIBr+Mn02+Il2S0 4 = MnS0.i+2Il2OfBr2. 

The bromine formed distils over, and eondenses :is a dark red liquid in f lic 
receiver. Is fins a complete reaction? Explain. • 

What salt of sodium will lie formed if sulfuric acid is used in excess? 
Explain. 


Iodine is similarly prepared by heating sodium iodide with 
sulfuric acid and manganese dioxide. 
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But in this case the. receiver may conveniently take the, form of a wide 
glass tube (Fig. 00). Vajxirs of iodine condense tin the walls of this tube in 
beautiful purplish-black leaflets. This is sublima- 
lion —a process in which a solid passes directly into 
a vapor form, without first melting. 

197. Preparation of the Halogens by 
Electrolysis. —Tlie preparation of fluorine 
by electrolysis is of scient ific interest, because 
it is the method by which that element was 
first prepared. Its resemblance to hydrogen 
chloride very early led chemists to assume 
hydrogen fluoride Lr be a compound con¬ 
taining hydrogen, in combination with an 
undiscovered halogen. Davy, who had the 
honor of discovering a number of the 
metallic elements (§ 4M0), and several other 
experienced investigators made repealed 
attempts to oxidize hydrogen fluoride and 
thus obtain the free halogen. None of 
these efforts wore successful. But in J88(> 
the distinguished Trench chemist, Moissan, 
succeeded in preparing fluorine by electroly- 



Fio. fit.— Purification 
of iodine by sublima¬ 
tion. Iodine crystals 
mixed with a little 
powdered potassium 
iodide, arc heated in 
a beaker, and the 
vapors condensed on 
the bottom of a flask 
coat aining cold water. 


sis of a solution of potassium fluoride in liquefied hydrogen 
fluoride. Tinier these conditions the hydrogen fluoride alone is 
decomposed, the potassium fluoride serving merely to make the 
liquid a conductor, as happens when sulfuric acid is added to 
water (§ Go). 


2 HF= TT 2 t + To t • 

C':ii IumIc Anode 

The commercial preparation of chlorine by electrolysis is 
described in § 181. 

When the brine from certain salt wells in Michigan and South¬ 
ern Ohio is evaporated until a large part of the sodium chloride 
has crystallized oitf, the mother liquor (§ 97) is found to contain 
considerable amounts of sodium bromide. Bromine is prepared 
by electrolysis of these liquors: 

2NaBr+2Il 2 0 -> 2NaOII+ H 2 T +Br 2 | . 

Catliodc Anode 
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198. Action of the Halogens on Other Elements.— The study 
of this section should be preceded by a review of the properties of 
chlorine (§§ ISO, 1S2, 183, LSI). We have previously noted that 

the halogen elements become less and less active with increasing 
atomic weight. 

Thus fluorine combines vigorously with both metals and non-metals, even 
at very low temperatures. The only elements, in fact, that fail to form Him 
orides are the inert gases i§ fiNIij and oxygen. Out iodine, at the other end of 
the list of halogens, reacts with mercury, hydrogen, ami phosphorus only upon 
being heated, and fails to unite at all with certain other elements, such as 
silicon and carbon. • 

This regular decrease in activity with increasing atomic weight 
should be kepi in mind while we examine the prineipal respects 
in which the halogens arc 1 chemically alike: 

(1) Direct union with metals. 

We may here recall the' energetic union of chlorine with such 
metals as gold, copper, and antimony (§ ISM). Bromine unites 
violently at room temperature with metallic sodium; and iodine 
vapors, when moderately heated, combine vigorously with mer¬ 
cury and other medals. 

(2) Direct union with non-metals. 

An example is the union of the 1 halogens with phosphorus, 
already described as an intermediate step in the preparation of 
the hydrogen halides (§ 191). Most non-metallic halides, like 
the 1 phosphorus halides, are completely hydrolyzed by water. 

Write and balance equations for the hydrolysis of silicon tetrachloride, 
assuming the product to be orthosihcic and, 11 ,Si<),; and of phosphorus tri¬ 
fluoride, forming phosphorous acid and hydrofluoric acid. 

(3) Direct union with hydrogen. 

So active is fluorine that even when solidified by cooling to 
—250° C. it combines explosively with liquid hydrogen, to form 
hydrogen fluoride, even in the dark. This is one of the few known 
cases of chemical reactivity at the ext rein ely low temperature of 
liquid hydrogen or even that of liquid air. 

Chlorine and hydrogen will remain in contact indefinitely in 
the dark, without appreciable combination. In diffused light 
they combine slowly, and in bright sunlight explosively, to form 
hydrogen chloride. 

Bromine and hydrogen can be made to unite to form hydrogen 
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bromide. But the mixture must be heated to about 200 ® C., even 
in the sunlight; or it must be heated and passed over a catalytic 
agent, such as finely divided platinum. 

Iodine vapor and hydrogen can be made to unite by passing 
them through a hot tube containing a catalytic agent. Even 
then the reaction is reversible and accordingly incomplete (§ 07); 

IIi»+Ia^2IlI. 


199. The Halogens as Oxidizing Agents. — (a) In the reactions 
just discussed the halogens serve as oxidizing agents, since the 
other element, in each case, lias its valence increased. Further¬ 
more such salts as the ferrous, mercurous, and stannous halides 
can be oxidized by direct union with a furt her quantity of halogen, 
giving the corresponding ferric, mercuric, and stannic compounds: 

2FeIh- 2 +lh 2 = 2FeBr 3 ; 


2HgI + l, = 21IgT 3 ; 
Sn( Clu =■ S 11 CI 4 . 


Whenever the free halogens serve as oxidizing agents they are 
themselves reduced, decreasing in valence from 0 to — 1. 

Thus when sulfur dioxide gas is bubbled through a layer of 
bromine covered with a very little water, and contained in a tall 
cylinder, we have the reset ion 

S() 3 +Br 2 +21FO = HoSa 1 +2HBr. 

This furnishes a'very convenient, method for the preparation of 
hydrogen bromide, which escapes from the cylinder in a steady 
stream, as soon as the layer of water at the top (to wash the gas) 
has become saturated. 

Similarly when hydrogen sulfide gas is bubbled through water 
containing powdered iodine in suspension, hydriodic acid is formed, 
which may be decanted from tho separated sulfur and separated by 
distillation. # 

H 2 S+I_. = t S+2HI. 


200. Action of the Halogens on Compounds of Other Halogens. 

—If we arrange the halogens in the order of increasing atomic 
weight—F 2 , Cla, Br 2 , I 2 —we find that each halogen can displace 
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any halogen of higher atomic weight from combination with hydro¬ 
gen or metals.* Fluorine replaces all three of the others, chlorine 
replaces bromine and iodine, bromine replaces iodine. 

Fg+2Iin = 2IIF+rb, 

Cl a H-MgHro = Mgnj+Hr 2 . 

(A commercial method for preparing bromine). 

Br 2 +2NaI = 2NaBr+ L». 

0 

Br 2 +NaCi = no action. 

201. Action of the Halogens on Hydrocarbons.— A hydro¬ 
carbon is an organic compound containing hydrogen and carbon 
only. When a hydrocarbon is acted upon by chlorine or bromine 
a part or all of its hydrogen atoms are often replaced by the 
halogen. 

Thus if liquid bromine is ridded to powdered naphthalene (die subsbmee 
used for moth-balls) a pari of die lndrogcn <>! die loiter eompouud is replaced 
by bromine, i‘Ven at room temporallire. 

r, t ,lK + 15r,-('n.H.Hi-f II Hr. 

M (ilH *1 if din 
iinjilil halt ii< 


Relictions similar to this are of importance in the preparation of intermediate 
substances, to be used in the manufacture of d\es (Most of the hwlro- 
brornie acid of commerce is a by-product of this reaction, which serves also as 
a convenient laboratory method for preparing dr\ hydrogen bromide gas. 

202. Action of the Halogens on Water. Fluorine decomposes 
water explosively, giving hydrofluoric acid and ozonized oxygon: 


3F l .+3IM) = CIIF-H>:p 


Chlorine dissolves in water, then reacts slowly with it, until a 
mixture is obtained that contains unchanged chlorine in equi¬ 
librium with hypoclilorous and hydrochloric acids (§ 1X-4): 

C12+1120 ^IKI+TKIO. 

* But it should be noted that this order of replacement of the halogens by 
each other may not hold for the oxygon compounds of the halogens. Thus 
iodine displaces chlorine when iodine vapors are passed over heated potassium 
chlorate. 



ACTION ON CAUSTIC ALAKLIES 


231 


Solutions of bromine are stable in the dark, but decompose 
slowly in the sunlight, forming hydrobromic add and oxygen: 


2Hr a + 2H..O ♦=» 4HBr+() 2 . 


Iodine dissolves only very slightly in water, and is practically 
unaffected by it. 

203. Action of the Halogens on the Caustic Alkalies. —The 

three less active halogens ((' 1 -, Br_>, I L >) react with the caustic, 
alkalies (L»., the most, active bases, § 107) forming metallic 
halides, hypohalites, and water. Special precautions must be 
taken to prevent the solutions from becoming heated during the 
course of the reaction: 

Cb+2NaOII = NaCl + NaOlO+HyO; 

Sodium 
lij. pol-llloi ill* 


Bro+2Na()II = NaBr+NaIir()+II 2 (); 

Sodium 

liypoliromilo 


l 2 H-2Na()lI = NaH-NiiI()+II 2 0. 

Sodium 

liypoioditi* 

If the halogen is added to a hot solution of the alkali the hypohalite 
is converted into a mixture of halate and halide: 

■ 3NaCl() —► 2NaCl + Nano il> 

Sodium 

chlorate 


3K10 —> 2KI+ KI();{. 

Potassium 
1 Dilute 


This conversion of the hypohalite into halate goes on slowly 
even in the coId # Hypochlorite solutions can therefore be pre¬ 
served only a few days; while hypobroinito and hypoiodite solu¬ 
tions are even less stable. 

Note that these oxy-halogen compounds become more and more 
stable—less easily decomposed—with increasing content of 
oxygen: 
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1TC1 

HBr 

HI 

11 CIO 

11 OK).. 

llBrO 

HJO 

II Ch h 
11(40, 

1 in this table 

IlBrO;, 

IIIO 3 

llIOi 

Write the names and 

(§ 171). 


formulas of their anunoimim, ferrous, and ferric salts. 


204. Bleaching Powder. The most important, oxygen com¬ 
pound of the halogens is bleaching powder, made l^v absorbing 
chlorine in slaked lime, Ca(OII);.: 


(’atoll), |-(\> = C : ,01(001) f II-O. 

J’.Ic.'IcIlHK-' 

|ki\mIci 


This substance, CaOhOCl), often incorrectly called “chloride of 
lime,” is intermediate in composition between calcium chloride, 
Cady, and calcium hypochlorite, 0 :t(O( 'l)u. When acidified with 
a dilute acid, chlorine is liberated: 


( a( 3(< )01)-f 2IIC1 - Oaf T. f U >()+ (T. 

This property makes it valuable for bleaching (§ About half 

a million tons of bleaching powder are still manufactured each 
year, though it is tending to be displaced by sodium hypochlorite 
and liquid chlorine. 

Even the carbon dioxide of the air is able to decompose moist bleaching 
powder slowly, liberating hvpochlorous acid. This breaks down, setting free, 
chlorine monoxide, ('M>, which smells like chlorine: 


2CaCI(OCl) +CO 2 + H 2 O - CaCl 2 +OaCO.,+211010 

I 

IIsO+CW). 


This reaction is the cause of the odor of fresh bleaching powder. 

206. Hypochlorites.—Hypochlorites tire prepared on a labor¬ 
atory scale by the action of chlorine on a cold solution of a base or 
soluble carbonate (§ 184). 

Writ/? and balance equations for the preparation of potassium hypochlorite 
from caustic potash; and sodium hypochlorite from sodium carbonate. 
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Solutions of hypochlorites are unstable, forming chlorates and 
chlorides, slowly at room temperature, and more rapidly on 
warming: 

3NaCl() = N aC10;i+ 2 N ad. 

Dilute solutions of hypochlorites on being acidified liberate hypo- 
chlorous acid, a powerful bleaching agent (§ IS")"). More con¬ 
centrated solutions, on being acidified, yield chlorine: 

N aCl()+211 C1 = N aCl +11 -.( )+ C\.. 

During the Great Win* a bypocliloriti' solution known as Dakin’s solution 
was \jsed with great sueeess in military surgery. It eousisted of sodium hypo¬ 
chlorite and sodium chloride, usually prepared by action of chlorine on sodium 
carbonate, with addition of some boric acid. ’Phis fluid, used for irrigating 
infected wounds, not only saved thousands of lives, but restored many limbs 
to use, which under the older surgical procedure would have been perma¬ 
nently stiffened. 

206. Chlorates and Perchlorates. — Potassium and sodium 
chlorates arc prepared eonnnereially by electrolysis of saturated 
warm solutions of potassium and sodium chlorides. Sodium or 
potassium hydroxide is formed at the cathode, while chlorine gas 
is liberated at the anode; but, instead of keeping those products 
apart, by means of an asbestos diaphragm (§ 181) the solution is 
stirred for the express purpose of bringing them together: 

2KOH+Cl 2 = Kn+ KO (1 + IDO. 

Potassium 

L>i>ot'hl»ritc 

The hypochlorite thus formed is decomposed forming a chlorate, 
which precipitates. 

3KC10 = 2KC1 + KCIO 3 1 . 

If solid sodium or potassium chlorate is heated until it just 
melts, and then kept melted for some time, it loses about a third 
of its oxygen, and is converted into a mixture of chloride and 

perchlorate. # 

2 KCIO 3 = KClOi+KC1+0 2 . 

Perchlorates arc made commercially by electrolysis of concen¬ 
trated solutions of chlorates. 

Perchlorates are much more stable than the’chlorates, in spite 
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of their higher content of oxygen. But when strongly heated, 
especially in the presence of catalytic agents (§52) they lose all 
their oxygen, and are converted into chlorides. 

Dry chlorates and perchlorates are powerful oxidizing agents. 
They must never be ground in a mortar with any easily oxidizable 
material, such as sugar, sulfur, or magnesium powder, or a violent 
explosion may result. This property enables potassium and 
sodium chlorates to be used in percussion caps for small arms 
ammunition, in matches, fireworks, and flashlight powders; and 
as oxidizing agents in the manufacture of certain dy<*. 

Dry chlorates, treated with concentrated sulfuric acid, form 
chlorine hept oxide, Cb0 7 , which usually explodes violently. Never 
try this experiment with more than a very small pinch of the solid 
chlorate. In general, be a wart' of the extreme danger attending 
incautious work with chlorates and perchlorates. 

207. Chloric Acid and Perchloric Acid.—A solution of chloric acid, IICKh, 
may bo obtained by acidify mg a solution of a chlorate with a dilute acid. 
This may l>c concentrated to alxnit 10 per cent 1KMO . bv evaporation m a 
vacuum. Bui on further concentration the material is decomposed, form¬ 
ing perchloric acid and other products. Solutions of chloric acid art' very 
vigorous oxidizing agents. 

A solution of perchloric acid, TK'lOi, obtained bv acidifying a solution of a 
perchlorate, may be concentrated bv distillation m a vacuum. The ]x*rehlnric 
acid hydrate thus obtained, 1ICK),• 1 L.() is a colorless, oilv liquid, which often 
explodes violently when brought m contact with easilv oxidizable material. 
Somewhat diluted it loses Ms oxidizing properties, and becomes as hard to 
reduce as dilute sulfuric acid (§ 1241). It is then perfectly safe, and an impor¬ 
tant reagent in analytical chemistry (§ 444). 

208. Iodic Acid and Iodates.— Iodic and is the most important of the oxy¬ 
gen compounds of bromine and iodine. It may be prepared by the direct 
oxidation of iodine with nitric acid; 


31- -|-1011 NO., + II L<) - OHIO.. 11,0 + 1 ONO. 


It is a crystalline solid, which is much more stable than chloric acid. Its .salts, 
the iotlutcx, are rather less readily decomposed by heat than the chlorates. We 
have already noticed (§ 192) that iodic and oxidizes hydriodic acid, both com¬ 
pounds yielding iodine. This reaction is of some importance in analytical 
chemistry. ^ 

Iodine pentoxide, LO f „ the anhydride (§ 238) of ionic acid, is sometimes 
used in the laboratory, or in gas-masks, for absorbing carbon monoxide. 


209. Uses of the Halogens and Halogen Compounds. —The 
principal mineral of fluorine is calcium fluoride, or fluorspar, 
CaI<V This es its name implies, is used as a flux (§ 421) to make 
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certain infusible substances melt or flow more easily when heated 
in a furnace. Another important mineral is cryolite, NajjAlFo, 
used in the preparation of metallic aluminum (§474). Although 
fluorine itself is but a chemical curiosity, many of its compounds 
have important uses. All fluorides are intensely poisonous. 
Lithium and sodium fluorides are used as a flux, for soldering 
aluminum. Solutions of sodium fluoride are used to impregnate 
wood, to preserve if from destruction by fungi. Other metallic 
fluorides are constituents of enamels, for coating metals. Hydro¬ 
fluoric acid is*used for (‘telling glass. 

The principal ingredient of glass is calcium silicate. The 
effect, of the hydrofluoric, acid is to form silicon fluoride, Sil'\i, 
which is a gas, and escapes. Very roughly formulated: 

OaSi(> 3 +(ilIF = falO-f-S 1 F 4 T +811,0. 

Hydrofluoric acid is also used in the laboratory in the analysis 
of silicate rocks, which are insoluble in all the ordinary reagents, 
but, are easily decomposed by heating with a mixture of sulfuric 
and hydrofluoric acids. 


liefer to previous sections for the uses of hydrochloric acid 
(§ 1S7), chlorine (§ 1N7), bleaching powder (§201), hypochlorites 
(§ 205), and chlorates (§ 200). 


Bromine (source, § 197) is ust'd in the preparation of dyestuffs, 
and to a slight extent as a disinfectant. Bromides are used in 
medicine as heart, depressants and nerve sedatives. Silver bro¬ 
mide emulsions are used for covering photographic plates and 
films (§ 545). 


Most of the iodine of commerce occurs as an impurity, as 
sodium iodate and periodate, in the Hide saltpeter deposits of 
South America (§ 279). It is commonly reduced from this by 
sulfur dioxide. A solution of iodine in alcohol, called tincture of 
iodine, is an important antiseptic. 

Other iodine compounds used as antiseptics are iodoform, 
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CHIa, and ioelole (O 4 T 4 NIT). Hydriodic acid is used as a reducing 
agent in the preparation of many important organic compounds. 
Silver iodide is used in photography. 

210. Thyroxin. —It has long been known that the animal 
body contains small amounts of chemically combined iodine, 
which is chiefly localized in the thyroid gland, near the base of 
the neck. Experience has moreover shown that iodine, in verf 
small amounts, is a necessary ingredient of the diet (§ 391). Indeed, 
serious derangements of the health, of a kind now known to be 
due to a deficient supply of iodine, are common in«certain com¬ 
munities in which the water supply and the soil (and consequently 
the crops produced locally) happen to be lacking in this element. 
Recently, in at least one such situation, arrangements have been 
made to add a definite small amount, of sodium iodide to the 
water supply of an entire city, and “iodized” table 1 salt (con¬ 
taining a trace of sodium iodide 1 ) is now on the* marked. 

In the treatment of sue*h clinical case's as have' been recognized 
as being elue to a eleficie'iicy of ie>eline', it has been found that the 
powdered, elrieel thymiel gland e>f the* sheep or hog, or an e'xtraot. 
of this gland, produce's an immediate impmvement. Thus, it 
became evident that the* thyroid gland contains or se‘e‘re'te\s some 
substance, the lack e>f whie-h proelue*es ele'rangeme'nts known as 
cretinism (Fig. 02) anel myxoe'ele'ina. On the (contrary, an (excess 
of this substance may induce exophthalmic goiter. Tlmse facts, 
which have now been known for a long time*, were- a clialle*nge to 
chemists to isolate and idc'iitify the* substance! which the thyroiel 
gland secretes, then te> determine its structural formula, and 
finally to synthesize it. from simple* and cheap materials. 

,The first of these* problems was solved in 1911 by the efforts 
of Dr. E. O. Kendall and associates, of the Mayo Foundation. 
By extracting several tons of thyroid glands, they obtained a few 
grams of a soluble crystalline substance*, which proved to have 
the formula, CiillmOyNIa, and which they named thyroxin. 
Continued research showed that it had the* structural formula, 
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and that it had its effects, which, when a few milligrams were ad¬ 
ministered by intravenous injection, were identical with those 
previously obtained with much larger quantities of the dried 
thyroid gland. 

The derangements due to deficiency of iodine (or, as we now 
know, to deficiency of the iodine compound, thyroxin) have been 
shown to be induced by the failure of certain chemical reactions 
within the body, which supply the needs of the body for energy 
(§389). Thyroxin serves as a catalyzer for these reactions, and 
it is now kiKjjvn ’that the traces of thyroxin which enter the blood 
stream from the thyroid gland are sufficient to account for more 
than 40 per cent of all the energy of the body, in health. 

The effect of small doses of thyroxin, of a few milligrams each, 
at intervals of some weeks, over a period of a number of months, 
is to maintain the production of energy 
at a nearly normal rate, and often 
produces results nothing short of mar¬ 
velous (Fig. 02). In addition, traces 
of thyroxin have an interesting cata¬ 
lytic effect on the metamorphosis of 
tadpoles, so that miniature frogs result 
in a fraction of the time that would Ik* 
needed for the growth and develop¬ 
ment of normal frogs from the tad¬ 
pole stage. This effect has sometimes 
tieen put to use in measuring the 
physiological effect of thyroid prepa¬ 
rations of unknown strength. At the Fin. I'Iff ret of thyroxin on 

present time (1925) thyroxin itself has tl " growth of a cretinous 

. , x . i c <‘h 1- The same child, in 

not been synthesized, but a number ol 

substances of similar structural form¬ 
ulas have been prepared and their 
properties have been studied. Thus, 
we may presently arrive at an understanding of how thyroxin 
itself produces its Remarkable effects. 



Ihi same dress, before and 
after receiving thyroxin for 
one year. Increase in height, 
l) inches. 
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211. Graphical Summary -(Letting M represent a metal and 
X any halogen.) 


Metallic 
Halides 
!2 MX 


Heat 


Electro] y_sis_ 
(stirring) 



f Hypohulites (cold); 
. MXO 

* or llulatcs (hot) 
MXO, 




Phosphorus Halides 
PX a or 1«X 6 


4- Halogen of lower 
atomic weight §.200 

Oxidation 



a t 

a> 


f _ 

(except HF) § 190 

■ XXI_ 

HX 



Hydrogen 

--Direct union with Q. _— 


Halides 

(except HI) giu.s 

Halogens 


Reduction by 


H 8 S orSOggino 


Action on hydrogen 
Action on metals 
Action on non-metals 
Action on water 
Action on bases 


Oxidizing or reducing 
Action on halides 


Hydrogen Halogens 

Halides 


none 

hydrogen displaced 

none 

dissolve 

form halides 


reducing (except 
II Fj 
none 


EXERCISES 


direct union 
direct union 
direct union 
react (except I-) 
form halides and hvpolialites 
(cold); or halides and 
halides (hot;; except F 2 
oxidizing 

anv given halogen displaces any 
other of higher atomic weight 


1. Predict the physical properties and reactions with metals, water, 
alkalies, and sodium iodide of an undiscovered halogen of atomic weight 219. 

2. The same toi an imaginary halogen of atomic weight it. 

3. From the general properties of the halogens, complete the following 
formulations, and name* the compounds formed: 

.Sl)Br:(+Rr 2 —► Ca(OII) 2 (hot solution) -|-I 2 —> 

Al + IIIir — MiiOg + Illir -> % 

NaOlI fcohl solution)+ lir 2 —* ('aBr 2 +n 2 - » 

KMn0 4 + HI —» Ki() s +11F-* 

4. Explain why hydrogen bromide cannot be prepared by the action of 
concentrated sulfuric acid on potassium bromide. Write and balance equa¬ 
tions for two successful methods for preparing hydrogen bromide, and one 
for preparing bromine', from potassium bromide. 
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REACTION VELOCITY AND CHEMICAL EQUILIBRIUM 

Many chomiciil reactions are inulanlaneims. Thus when hydrochloric acid 
is added to sodium hydroxide, the reaction becomes complete in a fraction of a 
second. But many other reactions proceed very slowly, requiring months or 
years to become complete or to reach a condition of equilibrium. This 
matter of reaction vclanhf is of great importance, as determining whether a 
given chemical change can be carried on at a practically useful rate. More¬ 
over it determines whether a chemical change shall become reasonably com¬ 
plete, or whether it shall remain so incomplete as to be quite valueless. 

212. Factors Determining the Speed of Reactions.— The speed 
at which chemical reactions proceed is chiefly determined by the 
following circumstances: 

1. The nature of the reagents. Review § 72. Those that 
are most active react most rapidly, under given conditions. 

2 . Their state of subdivision. Chemical reactions between 
different substances can, of course, tabe place only at the surfaces 
at which they come into contact. When two substances are 
finely divided and intimately mixed they present more surface 
to each other, and thus react more rapidly than coarser material. 
This is admitted whenever we are advised to chew our food well. 

Solutions react even more rapidly, for here the process of 
subdivision has been continued right down to the individual 
molecules of the dissolved substance. The finely powdered con¬ 
stituents of baking powder, if kept dry, will remain in contact 
with each other for years, without noteworthy change. But the 
moment water is added there is a violent reaction, liberating 
carbon dioxide gas. 

3. The temperature. Almost without exception, reactions 
proceed more rapidly as the temperature is increased. The 
housewife keeps milk in a refrigerator in order that the velocity 
of the reactions that result in the souring of milk may be retarded; 
but she sets-dough in a warm place, to increase the velocity of 
the reactions earriec! out by the yeast, producing carbon dioxide, 
to cause the dough to rise. Every amateur understands that the 
length of time that it takes to develop a photographic film 
depends on the temperature of the developing solution. 
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Many reactions are roughly doubled in velocity by each rise 
of ten degrees in temperature. 

But though a reaction is probably always made more rapid 
by a slight increase of temperature, (a) it may sometimes be less 
complete; or (b) secondary reactions (§ 193) may appear at the 
higher temperature and decrease the yield; or (r) too high a 
temperature may at times destroy or restrain some living organ isn^, 
or catalyzer, responsible 1 for the progress of the reaction, and 
give a velocity actually smaller than that which is obtained at a 
more moderate temperature. 

4. The nature of the solvent or the presence of small amounts 
of other substances. Substance's that increase the speed of a 
reaction, without themselves suffering any pe nnanent, chemical 
change, are* calle*el catalyzers. Tlmse that decrease its speed are 
called negative catalyzers or retarders. 

5. The concentration of each reactant, i.e., the number of 
molecules in unit volume. This applies only to reactions in 
which the* re*actants are* pre*se*nt in a homogeneous mixture or 
true solution —gaseems, liquid, e>r solid. But when this is the* e*ase*, 
doubling the cemeemt ration e>f any ivactunt ele>ub!e*s e>r me>re than 
doubles the re*ae*fion velocity. Wo shall discuss this principle in 
detail in what follows (§ 211). 

0. Many reactions are accelerated by light photochemical 
reactions. Example's are* the doe*ompe)sition e»f hype>chlorous ae;iel 
(§ 184); the union of chlorine* and hyelrogrn (§ 183 1); anel the 
synthesis e>f starch in the leaves of gre*e*n plants (phe>te)synthe*sis, 
§ 32”)). 

213. A Lecture Experiment on Reaction Velocity.- To illus¬ 
trate the effect e»f te*mpe*rature and conccntratiem e>n re*ae*tie)ii 
vele)city, let us eonside;r the reduction of ie>dic acid to hydriodic 
acid by sulfurous acid: 

(a) 111 () a +311 2 S():i = 111+311 2 ,S0 4 . 

Mix dilute solutions of sulfurous aciel anel staredi. Adel an excess 
of dilute ie>elie acid, shake, anel pemr into a tall cylinder. There is 
ne) visible result for one e»r twe> minutes. Themthe liejuid suddenly 
turns blue! This indicates that the* given reaction has become; com¬ 
plete, anel has been suce;e*eele*el by anetthcr, which liberates ienline. 

A more complete oxplatuilion is that mart ion (o) is accompanicel by two 
others, one producing , the other consuming iodine: 

(h) Hio t + *»lil-: uj..o+:{I,. 

(c) I !i +lI 2 80.+lL0 = II 2 S() 4 +III. 
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No iodine can accumulate in the solution so long as (1>) and (r) are going on 
together. I tut, the moment. (</) betiointss complete, by exhaustion of the 
II 2 SO 3 , (c) must ne,c(‘ssarily cease as well. Then (b) keeps on going, liberating 
enough iodine in the next fraction of a second to color the starch blue. 

Suitable proportions for this experiment arc: (.4) 500 er. water, a little 
starch solution, 15 cc saturated solution of 8 (L; (.£>) 500 cc. water, 10 cc. 
5 per cent solution of IIIO 3 . 


If the experiment is repeated, with the same conditions as 
before, except that the upper part of the liquid in the cylinder is 
warmed with an electric heating coil, it is found that this upper 
layer turns blue first. This shows the increase of reaction velocity 
with increasing temperature. 

Finally, if twice as much iodic acid is taken, the doubled 
concentration means doubled reaction velocity, and brings the 
given reaction to completion in about half the former time. 

214. How the Molecular Theory Explains the Effect of In¬ 
creased Concentration. —The Molecular Theory (§ 88) gives a 
very simple explanation of the effect of increased concentration in 
increasing the velocity of chemical reactions. Consider a mixture 
of chlorine and hydrogen gases, contained within a glass vessel, 
and slowly combining to form hydrogen chloride under the influ¬ 
ence of diffused sunlight (§ 100): 


H a +Cl 2 ->2I1C1. 

We think of the molecules of hydrogen and chlorine as being in 
rapid motion, in all conceivable directions, with all conceivable 
velocities, throughout the space occupied by the mixture of gases. 
At the given temperature we may assume that a definite percentage 
of all the collisions of molecules of hydrogen with molecules of 
chlorine* results in chemical union. Anything, then, that increases 
the number of such collisions will increase the velocity of the reac¬ 
tion proportionately. 

Doubling the concentration of the hydrogen, in grams per liter, 
by Avogadro's principle, means doubling the number of molecules of 
that gas confined indie given space; and this in turn means that any 
given molecule of chlorine will have twice as great a chance of 
colliding with a molecule* e»f hydrogen as it had before?. Dembling 
the cemcentration of hyelreigen theTefene eIoul)le*s the speed e)f the 
reaction. It is plain that doubling the concentration of the chlo¬ 
rine wenild have the same effect. 

It is now easy to see what will be the c*ffoct of increasing the 
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concentration of both the reacting substances. Let us imagine 
the concentration of the hydrogen to be increased three-fold and 
that of the chlorine four-fold. There art* now three times as 
many hydrogen molecules in the given space as before; ;md each 
of these, in its haphazard wanderings, has four times the former 
chance of meeting a molecule of chlorine. The velocity of the 
reaction has accordingly boon increased twelve-fold. » 

Thus wo conclude that whenever reacting molecules combine 
one to one, the velocity of the reaction is proportional to the product 
of concentrations of the reacting substances. , 

This is a simplified form of what- is called the Law of Mass 
Action. Notice that it has nothing to do with the total mass or 
weight of the reacting substances, but only with their concen¬ 
tration, or mass per unit volume. Notice, furthermore, that the 
rule as stated above applies only when the reacting molecules 
combine one to one. In such a case as the union of two molecules 
of hydrogen with one of oxygen to make water, the situation is a 
little more complicated —the speed of the reaction being propor¬ 
tional to the square of the concentration of the hydrogen. 

1. A vessel contains equivalent quantities (§ Ilf)') of hydrogen and iodine 
vapor. How does the speed of the reaction, 

1L+T, - .2111, 

at first, compare with its speed after three-fourths of each reactant, have been 
consumed? 

2. Compare the rate of combination of hydrogen and iodine, if the vessel 
contains one mole of each, with the rate if it eon tains 10 OS grants of hydrogen 
and 12G.92 grams of iodine vapor. 

215. Reactions Slow up as They Approach Completion. —The 

Law of Mass Action gives us the reaction rate only at the. particular 
instant at which the concentrations have the values stated. After 
the reaction has proceeded for a little while, the concentrations of 
the reacting substances will be somewhat hiss and the reaction rate 
will have fallen off correspondingly. A mixture containing 3 
gram-molecules of hydrogen and 4 gram-molecules of chlorine will 
combine in diffused sunlight just twelve, times as fast as hydrogen 
and chlorine in a mixture containing but, 1 gram-molecule of each in 
the given volume. But. when two-thirds of the hydrogen has 
combined there will remain but 1 gram-molecule of hydrogen 
and 2 gram-molecules of chlorine. The reaction rate will then 
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be only twice what it would be in a mixture containing 1 gram- 
molecule of each in the same volume, or one-sixth of what it was 
at first. Thus reactions proceed more and more slowly as they 
become more and more nearly complete. 

This is a little like the slowing down of a train as it approaches a station. 
Hut it is worth remarking that if the speed of the train were decreased propor¬ 
tionately to its nearness to tin* station it. would take forever to arrive; for as it 
approached infinitely close it would move with mfimlo slowness. Thus a 
chemical reaction proceeding according to the law of mass action can never 
become entirely complete. But it will become as nearly complete as we may' 



desire if we wait long enough—provided it does not first reach n condition in 
which the reverse reaction proceeds at the same rate (equilibrium). 

In practice a reaction is considered as being complete when it has made a 
reasonable approach to completion —say when 99.9 per cent of one of the reac¬ 
tants has been consumed. By waiting a sufficient tune, most of the so-called 
complete reactions (211s+()j —• 21i s (>) become even more nearly complete 
than this; while thg, so-called incomplete reactions (Ib+Lj <=± 2111) come to 
an apparent standstill, due to an equilibrium between opposing reactions, 
leaving from a few tenths of a per cent to many per cent of the original react¬ 
ants still unconsurned. 


216. Equilibrium a Balancing of Reaction Velocities.—Let. us 
consider two substances, A and B, which react to give two other 
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substances, C and D, the reaction being incomplete because rever¬ 
sible : 

A+B ?=* C+D. 

The situation after various intervals of time is shown in the above dia¬ 
gram. In the beginning, let A and H each be present in a coneentratinn of one 
mole per liter. The loft to rigid reaction starts out with a velocity that is roj>- 
rcsented by the length of the line OM. But as the reaction proceeds the con-* 
eentrations of the reactants become less and less, hence the velocity of the, 
reaction falls off. We therefore get a downward sloping curve, MM'S, 
which represents the decreasing velocity as more and more of A and B are 
transformed. « 

But as soon as this forward reaction has proceeded for a moment, a measure- 
aide amount of the products C and 1), will have been formed. These will then 
begin to react with each other to give back A and B. This reverse, reaction 
W’ill at first take place only very slowly, for (' and 1) are at first present in only 
very small concentrations. Nevertheless, as time goes by, more and more of C 
and I) come into being as a result of the forward reaction. The reverse reac¬ 
tion accordingly increases in velocity, as shown by the rising curve, OSN. 
After a little while the velocities of t he forward and reverse reactions become 
equal; i.c., the two curves cross at some point, S. This represents a condition 
of equilibrium. 

If we had begun with a mixture of C and D, instead of with one of A and B, 
the reverse reaction would have started off a velocity represented by PN. 
This velocity would have fallen off from moment to moment, as represented 
by the descending curve NVS, traced backward from the right. The other 
reaction would meanwhile have been increasing in velocity, as represented 
by the rising curve, PWiS. The two curves cross at, the same point, S, as 
before. 

Tlio diagram thus illustrates an important principle: We can¬ 
not change the concentration of any substance in an equilibrium 
mixture by changing the direction of approach to equilibrium. 

Thus if hydrogen iodide is heated in it dosed tube at 500° C., it 
is 24 per cent decomposed into hydrogen and iodine: 

2III H 2 +I 2 . 

V___ * 

76 per rent 24 per rent 

But by heating equal volumes of hydrogen and iodine together 
at ,500° C., 70 per cent, of them combine to forr^ hydrogen iodide, 
leaving 24 per cent uncombined, no matter how long the heating 
is continued. 

Notice furthermore that the addition of a catalytic agent never 
causes a reaction to become more complete, but merely enables 
the former equilibrium point to be reached more quickly. 
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217. Effect of an Excess of One Reactant on Equilibrium.— 

In the reaction represented by the preceding diagram, let the 
substances A and B be mixed as before, but with the concen¬ 
tration of A doubled. What effect will this have on the amount of 
B that is transformed before equilibrium is reached? 

Evidently doubling the eoneentration of A doubles the velocity with which 
the reaction starts off from left, to right. As the reaction proceeds the concen¬ 
trations of both A and It decrease, and the velocity of the reaction falls off, 
as represented by the descending line RYP. 

But. it is apparent that the velocity of the reverse reaction is not. changed 
by the increased eoneentration of A. Its value' from moment, to moment is 
still represented by the ascending line OSYJS. The two curves now cross at 
the point V, which represents a new point of equilibrium. 


This illustrates a general principle: An incomplete reaction 
may be made to take place more completely by adding an excess 
of any one of the reactants. 

But we may note that doubling the concentration of A does 
not double the amount of B transformed, but increases it only by a 
few per cent -from 50 per cent to 07 per cent in the example just 
considered, in which C and D arc assumed to have the same chemical 
activity as A and li. When the quantity of O and T) in the final 
equilibrium mixture is thus increased we commonly say that the 
equilibrium has been shifted toward the right. 

218. Energy Changes in Chemical Reactions.— We have already 
noticed many east's of chemical reactions which liberate consid¬ 
erable amounts of energy, in the form of heat or light. A dry-cell 
or a storage battery is an example of a set of chemical reactions 
lilxTating electrical energy. Many other reactions absorb energy— 
electrical energy, for example in the preparation of chlorine and 
caustic soda by electrolysis of a solution of common salt (§ 181; 
or heat energy in decomposing hydrogen iodide into its elements 
(close of § 210). 


Very often the quantity of energy released in a reaction is of more practical 
importance than the nature of the products formed. Thus we are interested 
in knowing that so many calories of heat energy are released when we hum a 
pound of coal. Bur the carbon dioxide and water vapor produced in the 
process concern us so little that, we discard them by way of the chimney. We 
also need to remember that energy costs money; and when a reaction con¬ 
sumes energy it is often the amount consumed that determines whether the 
process can be made to pay a profit, if carried out on a commercial scale. 

Chemists arc in the habit of keeping track of tlie energy con- 
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sumed or released in chemical reactions by what arc called ther- 
mochemical equations. Thus, 

2 Il2+<>2 = 211 2 0 (liq.'H-138,000 cals., 

indicates that when hydrogen is burned, and the water condensed 
to a liquid, there are 138,000 calories of heat liberated for every, 
two moles ( = 30 g.) of water formed. 

To reverse this reaction, and decompose two molecules of 
water into hydrogen and oxygen, this same amount of heat— 
or an equivalent amount of electrical energy—needs to be absorbed. 
If this wen' not the cast'—if loss energy, for example, were needed 
to decompose water than is liberated by the recombination of its 
constituents—we should be able to create energy indefinitely, in 
violation of the Principle of Conservation of Energy (§0) by alter¬ 
nately decomposing water in an electrolytic apparatus, and recom¬ 
bining the products in an oxy-hydrogen blowpipe. 

This illustrates a general principle: The heat evolved in a 
given reaction— for a given quantity of material transformed— 
is always equal to the heat absorbed in the reverse reaction. 

219. Effect of Temperature on Equilibrium.—If a reaction is 
reversible, both the forward and reverse reactions increase in 
velocity with increasing temperature (§ 212). But the increase in 
temperature is usually more favorable to one of the two opposing 
reactions than to the other, and consequently changes the propor¬ 
tions in which the reacting substances are present when equilibrium 
is reached. 

When two opposing reactions have reached a condition of 
equilibrium, the reaction that absorbs heat is made more nearly 
complete by raising the temperature; the reaction that liberates 
heat is made more nearly complete by lowering the temperature. 
This is Van’t Hoff’s Principle. 

Thus, in the reaction, 

2 II 2 +O 2 <=♦ 2IIi>0 (vapor) + 116,GOti cals., 

a high temperature makes the right to left reaction more complete. 
This means that water is slightly decomposed into its elements at 
high temperatures, and the more completely the higher the 
temperature. Experiments have given the following results: 
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’ Abs. 

Per Cent Dissociated 

1500 

0 02 

17(H) 

0 10 

2155 

1 IS 

2257 

1 77 


3. In which of t he following read ions is direct union (§ 120) made more 
complete, and in which less complete by an increase m temperature? (A 
negative sign means heat absorbed in the left to right reaction.) 

N™+31l, 2X11.,+24,000 cals. 

C+S, «-=* cs. (vapor) -25,400 cals. 

< ’+(>, (’(>, + 07,000 cals. 

N s +O s <- 2X0-4.4,200 cals. 


Further applioat ions in § 229. 

220. Extremely Slow Reactions. —But wo must Ik* sure* to note 
that Van’t Hoff’s Principle applies only to systems of reacting 
substances that are already in equilibrium at the time the change 
in temperature takes place. 

Tims hydrogen and oxygen gases will remain in contact with 
each other indefinitely at room temperature, without, anything 
hap]K*ning. But if the temperature is raised, l>v passing an elec¬ 
tric spark, violent combination takes place, forming water, and 
liberating heat. It looks as if an increase in temperature had 
favored a reaction liberating beat, in violation of Van’t Hoff's 
Principle. The t rouble is that, hydrogen and oxygen are not really 
in equilibrium with water vapor at room temperature, and Van’t 
Hoff’s Principle .canuot apply. We have rather a east* of a reac¬ 
tion that is still proceeding toward equilibrium, at room tempera¬ 
ture's, though at an immeasurably slow rate. 

It is easy to distinguish equilibrium from extreme slowness of 
reaction rate. In true equilibrium, any small decrease of tem¬ 
perature will always reverse the effect produced by a small 
increase of temperature. But if hydrogen and oxygen are made 
to combine by raising the temperature, we find that lowering the 
temperature will 5iot cause t he water to decompose again, into 
hydrogen and oxygon. This is therefore not equilibrium. 

221. The Principle of Le Chatelier. —This matter of equilibrium 
has important applications that extend far beyond the confines of 
chemistry. Not only do we have chemical equilibrium, between 
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opposing reactions, but mechanical equilibrium , when a body is in a 
stale of rest or frictionless uniform motion, under the influence of 
balanced forces. A saturated solution is a ease of molecular 
equilibrium , molecules of crystalline salt entering the solution as 
fast, as other molecules leave it, to come out again upon the surface 
of the crystals. The organs of the body, in health, are in physi¬ 
ological equilibrium, with respect, to absorption and secretion. At 
some risk of exaggerating analogies we might discover further illus¬ 
trations in the fields of biology or psychology, or even in political 
science. 0 

But, dissimilar as are these applications, there is, remarkably 
enough, a general governing principle: Systems in equilibrium 
change only with changing external conditions; * and then only 
in a way which tends to restore the original conditions. This is 
the Principle of Le Chatelier, sometimes called the Principle of 
Mobile Equilibrium, one of the most, far-reaching generalizations 
in the whole field of science. 

Thus, in a reversible chemical reaction, an increase of tempera¬ 
ture favors the reaction which absorbs heat, namely a change wit hin 
the system that, tends to restore the original temperature. Thus 
Van’t, Hoff’s Principle is seen to be a special case of the 
Principle of Le (’hatelier. 

Again, in a reversible chemical reaction between gases, an 
increase of pressure will cause a reaction to take olace in the direc¬ 
tion which will decrease the number of molecules in unit volume, 
and thus tend to restore the original pressure. This, in the 
formation of ammonia from nitrogen and hydrogen 

N 2 + 3 II 2 «=* 2N1I;{, 


is the left to right reaction, for four molecules of nitrogen and 
hydrogen here disappear, for every two molecules of ammonia 
that are formed, leaving a not decrease of two molecules. 

Conversely, a decrease of pressure will favor the dissociation 
(§ 157) of ammonia into hydrogen and nitrogen, for this takes 
place with an increase in the total number of molecules, anil con¬ 
sequent, tendency to restore the original pressure. 

* By external conditions we mean such conditions as temperature, pressure, 
or electrical charge—the tilings that determine the amount of energy contained 
in the system. 
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4. Which of the following reactions become most complete from left, to 
right at, high pressures, which at low pressures, and which are unaffected by a 
change in pressure: 

211-j+O- 1211-jO (vapor); 

N .(>,;=> 2NO,; 

CO,+ 11, *-*00 + 11*0? 

It will be noted that the preceding examples all concern reactions between 
gases. 


The decree of completeness of reactions between solid or dis¬ 
solved substances is hardly affected by change of pressure, for 
solids and liquids are but slightly compressible. 

222. Other Illustrations of the Principle of Le Chatelier.— 
It may help us to fix this important principle in mind if we con¬ 
sider a few illustrations other than those afforded by reversible 
chemical read ions: 


1 . When liquid water in equilibrium with water vapor is 
headed, a part evaporates, absorbing heat, thus tending to restore 
the original temperature. 

2 . When a snowball is squeezed it is compacted into ice. The 
explanation is that some of the snow particles melt as the pres¬ 
sure is applied; for in so doing they tend to relieve the pressure, 
since the water formed by the melting occupies a smaller volume 
than the crystals of snow. Hut when the pressure is finally 
removed the reverse process takes place; the water that has been 
formed freezes again, and binds the remaining snow particles 
together into a solid mass. 

Hut a substance like sulfur, which increases in volume when 


melted, can never be made to melt by pressure alone. 

3. Any salt that absorbs heat when dissolving in a saturated 
solution, becomes more soluble as the temperature is raised. For 
in dissolving it tends to restore the original temperature. 

Since most salts become more soluble with increasing tempera¬ 
ture (§ 12ti), it is evident, that most salts dissolve in saturated 
solutions with absorption of heat. But very many salts o.g., an¬ 
hydrous CaC'L*, dissolve in pare wafer with liberation of heat. 

4. When a junction of two dissimilar metals is heated an electric 
current is set up, which flows in such a direction that the junction 
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tends to be cooled. But if the junction is placed in ice, a current 
is sot up in the opposite direction, and tends to heat the junction. 

5. On closing an electric circuit containing a coil of wire, the 
current, dot's not instantly reach its full strength; for it is opposed 
by A\hnt. is called the self-inductance of the circuit, which tends 
to restore the original conditions, and prevent the current from 
flowing. 1 t 

Conversely, when the circuit is opened, the* current does not 
die away immediately, for self-inductance tends to keep it flowing, 
and a spark usually leaps across the gap caused bv opening the 
switch. 

0. When an animal is given an intravenous injection of a 
bacterial toxin , it reacts against the latter, and tends to restore 
the original conditions, by building up an anti-toxin. The 
animal is then found to be in a better condition to resist a second 
dose of toxin. It has acquired a certain degree of immunity. 


223. Summary. 

Reaction Yelocitif. 

Greatest when readmits are very netive chemically. May lie in¬ 
creased— 

1 . By increasing fineness of subdivision (therefore greatest in solu¬ 

tion). § 212. 

2. By increasing temperature. §§ 212, 213. 

3. By increasing concentrations of reactants. (Is proportional 

to tin* product of the concentrations of reactants, when mole¬ 
cules combine one to tine -Law of Mass Action.) § 214. 

4. By presence of a catalyzer (often), 
fi. By action of light (often). 

Equilibrium. 

A condition of balance between opposing forces or processes. § 40. 
Molecular equilibrium. § 123. 

Chemical equilibrium. 

1. Defined as a state attained when two reactions, in opposite direc¬ 

tions, have equal velocities. $ 2Hi. 

2. Distinction from slow rate of reaction. (In true equilibrium 

the effect produced by a slight rise of temperature is exactly 
reversed by lowering the temperature.) § 220. 

3. May be disturbed, and one of the two opposing reactions made 

more complete. 

(«) By adding an excess of any reactant, (equilibrium dis¬ 
placed toward right, or left). § 217. 

(b) By changing temperature. 

(Increasing temperature when the reaction to be favored 
absorbs heat; decreasing temperature when it evolves 
heat.) 

(Principle, of Van’t Hoff.) § 219. 
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(c) By changing pressure - for reactions between gases. 

(Increasing pressure when reaction to be favored 
results in a decrease of pressure; decreasing pres¬ 
sure when it. results in an increase of pressure ) 
(An illustration of Principle of Lc Chatelier—which 
includes that of Van’! lloff.) §§ 221, 222. 


EXERCISES 

« 

1 . Review the questions of §§ 214-221. 

2 . 1,’nder what four conditions does double decomposition commonly 
become complete? 1 Illustrate. 

3. Assuming that, gasoline has the average formula C,,I1 M , write and bal¬ 
ance an equation for its complete combust ion to form water vapor and carbon 
dioxide. Apply the* principle ol be ('hatcher to determine whether gasoline 
vapor burns more or less completely when highly compressed than it. does 
under atmospheric pressure. 

4. In spite of the result contained m the preceding problem, why is the 
mixture of air and gasoline vapor in an automobile engine always compressed 
before ignition? 

5 . T«ll which of the following reactions are made more complete by an 
increase in pressure, and why. 

Direct union of hydrogen and chlorine to form hydrogen chloride. 

Tnion of sulfur dioxide gas with oxygen to form sulfur trioxide vapor (SO,,). 

Decomposition of phosphorus pentarhloride vapor (PCI.) into phosphorus 
trichloride vapor (PCI,) and chlorine. 

(}. I : nder what, circumstances would a slight change in temperature have 
no effo( t on the degree of completeness of a reaction? 

7. A quantity of air enclosed in an air-tight vessel, and exposed to a 
silent electric discharge ( § never comes to contain more than two or three 
per cent of ozone, no matter how long the discharge continues. Do you think 
it might be possible to improve the yield by the use of a catalytic agent? 
Why or why not? 

S. By what, practical means can the dissociation of molecules of sulfur 
vapor of the formula S s into molecules ol the formula S.- be decreased, without 
changing the temperature? 
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Sulfur is of interest its one of the ion or twelve elements necessary for the 
life and growth of plants and animals. It makes up hut a mfrc trace of the 
crust of the earth; ycl Ihere are m most parts of the world enormous deposits 
both of sulfur compounds and oi the element itself. Sulfur is one of the 
cheapest of raw materials, and one of the most useful -the very corner¬ 
stone of the great chemical industries Dmeetlv or indirectly, there is hardly 
a manufactured article, from automobiles to /me paints, that has not met i ulfur 
in its preparation. 


224. Occurrence of Sulfur Compounds in Nature. Many of 
the most important metals are derived from sulfide ores. Zinc 
sulfide (or zinc blende, ZnS) and lead sulfide 1 (or galena, PbS) are 
worth remembering as the most import ant sources of these two 
metals. Copper pyrites (or efadcajH/nle , CuCeS-j) is tin imjxirtant 
ore of cop]ter. The most important iron sulfide (pj/rite, FoS_>) is 
of no use as an ore of iron, but until recently lias been the chief 
raw material for the manufacture of sulfuric acid. 

Notice that pvrite is a combination of ferrous sulfide, TVS, with an extra 
atom of sulfur; whence d is sometimes given the structural formula, IV=--tt-S 
(§ 142). 


The most plentiful mineral containing bot.li sulfur and oxygen 
is calcium sulfate (or gypsum, CaS0 4 -211:4)). This is used for 
the preparation of plasler-of-Paris and Keene’s cement (§ 4011). 
Barium sulfate (BaS().j) is mined on a largo scale for the manu¬ 
facture of cheap white paint, and for giving weight to silk fabrics. 
It is the principal source of the barium salts used in the chemical 
industries (§ 400). 

225. Native Sulfur.— Sulfur occurs free or nttive (i.e., mi com¬ 
bined with other elements) in most, volcanic regions of the world— 
Sicily, Italy, Japan, and South America. The Sicilian deposits 


* To the Instructor: This and the following chapter furnish a splendid 
opportunity for review and additional drill in the writing of formulas and 
equations. 
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until recently wore the most important, source of supply. From 
thence came most, of the sulfur list'd by the European nations for 
thi* manufacture of gunpowder, in their almost, incessant wars, 
from the introduction of firearms five hundred years ago down to 
the present day. 

But by far the largest deposits of sulfur in the world are those 
occurring in the United States, in Louisiana and Texas, which 
now supply over SO per cent of the world’s demand for this element. 


Certain knolls appearing there above (lie surface of the surrounding level 
land are found to be underlaid with enormous deposits of sulfur at a depth of 
about f>00 ft. Yhes< * are .now mined bv the use of superheated water, intro¬ 
duced through pi|>es let down to the desired depth. The sulfur melts, and is 
then forced to Iho lop h\ means ot compressed air. 

The sulfur produced in this way may amount t.» as much as 2000 tons a day 
from a single wel'; and individual deposits are known to contain as much as 
10,000,000 tons. American siiltur is above Utt.o per cent pure, the most 
objectionable impurity being a trace of petroleum oil, which often prevents it 
from burning freely on stationary grates. 


226. Allotropic Forms of Sulfur.— One of the interesting things 
about, sulfur is its ability to exist in several different physical 
forms. Ordinary lump sulfur belongs to what is called the ortho¬ 
rhombic crystalline system, and forms blunt, irregular double 
pyramids. But if the sulfur is melted (a little above the boiling 
point of water) and allowed to cool, it forms long monoclinic 
needles. The existence of different crystalline forms of the same 
element is of course due to the possibility of arranging its atoms in 
two or more different space-patterns (§30) in building up the crys¬ 
tal lattice. 


Liquid sulfur also exists in two different physical forms. Just, above its 
melting point, it is a pale yellow liquid, almost as fluid as water; but at. about 
1G()° C. it becomes reddish-brown, and so viscous that it will not run out of an 
inverted test-tube. At intermediate temperatures it consists of a mixture of 
these two forms in solution in each other. On further heating, the viscous sulfur 
grows thin again, and finally boils at about 411° C.—a temperature somewhat 
above the melting points of lead and zinc. 

The vapor of sulfur, at its boiling point, has a density corresponding tc 
the formula (§ lt»2). But this decreases very rapidly with increasing tem¬ 
perature, until at a fright red heat practically all the complex molecules are 
dissociated into simpler ones of the formula S 2 . 


The different physical modifications of an element such as 
sulfur are known as its allotropic forms. These differ widely 
in their physical properties color, density, solubility, and the 
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like. Nevertheless, all iho modifications of .sulfur unite with 
oxygen to give the same oxides, S() 2 and S() ;{ . All urite directly 
with metals, when heated, to fonn metallic sulfides: FeS, ZnS, 
CuS, etc. All unite with carbon, chlorine, and phosphorus, to 
form Ttta, SaHa, PiS;*. 

227. Uses of Elementary Sulfur. —Elementary sulfur finds a 
great many important uses. Vast, quantities art* burned in prop-> 
aration of sulfur dioxide for the manufacture of sulfuric acid 
(§239). It is combined with coke at high temperatures, to pro¬ 
duce carbon disulfide (§ 337). The match industry uses con¬ 
siderable quantities of sulfur, in combination with phosphorus 
( §3H). 

In agriculture sulfur is of rapidly 7 increasing importance. Alone, 
or mixed with lime, it has long been used to destroy fungi in vine¬ 
yards and orchards. Sometimes it is mixed with ground phos¬ 
phate rock and spread on the soil as a fertilizer or compost. 

In the soil it slowly oxidizes, under the action of bacteria, and the resulting 
sulfuric acid appears to render the phosphate rock more easily dissolved and 
absorbed by the roots of plants than would otherwise be the case (§ 814). 
In some instances a soil may ]>erhaps receive an indirect benefit from sulfur, 
due to its effect in restraining certain types of microorganisms in the soil, or 
encouraging the growth of others. 


Sulfur has fair mechanical strength, is a very excellent, insu¬ 
lator for heat and electricity', and is insoluble in dilute acids. This 
last quality 7 makes it of use in preparing acid-proof cements. 


Sulfur is melted, and something more than its own weight of hot sand stirred 
in. Tin* mixture is poured like concrete, sets very hard, and is about as resist¬ 
ant to corrosion as the sand itself. 


A very remarkable property 7 of sulfur is its .ability to toughen and 
harden rubber (vulcanizing, §353). 

228. Preparation of Hydrogen Sulfide. A Test for its Presence. 
—Hydrogen sulfide (formerly calk'd sulfurctted hydrogen) is a 
colorless, poisonous gas, of offensive odor. It occurs in nature 
whenever plant or animal matter decays in a liny tod supply of air. 
It is prepared in the laboratory by action of dilute hydrochloric 
acid (contained in a modified Kipp apparatus, § 71) on lumps of fer¬ 
rous sulfide; 


2 IK'l+FeS = lI a S T +FeCl 2 . 
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Any other dilute non-oxidizing acid of reasonable activity might be 
used instead of sulfuric acid; and many other sulfides, such as 
SbaSa (but not pyrito, F 0 S 2 ). 

Is the above reuHion eomplete or incomplete? Why? Which reagent, is 
commonly present in excess (hiring the entire course of the reaction, and why? 
What two principal dissolved substances are contained in the liquor discarded 
from the Kipp generator, after the read ion is complete? 

Traces of hydrogen sulfide may be detected by bubbling the 
air or other gas to be tested through a solution of lead acetate. 

A brownish-bjaek color is developed (lead sulfide): 

H 2 S + Pb (C\d I 3 O 2 ) 2 = P bS 1 +2IIC , 2lI 3 02. 

A solution of a cadmium salt, would be turned yellow (cadmium 
sulfide). An .additional test, for the presence of hydrogen sulfide 
in another gas is of course afforded by its odor. 



229. Direct Union of Hydrogen and Sulfur. A reversible 
reaction. —When hydrogen is passed over sulfur in a glass tube 
heated to about 800° (1. (A, Fig. (ill) the two elements combine 
in very insignificant amounts to form hydrogen sulfide, as is indi¬ 
cated by the development of a brownish-black stain in a lead ace¬ 
tate solution combined in a test-glass at, C. But the reaction is 
too slow and incomplete to bo of any use. The gas that issues 
from the apparatus is still largely hydrogen in spite of our best 
efforts, no matter what temperature is used. In fact, the higher 
the temperature we employ, the worse are the results we get, for 
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the change is reversible, and the reverse reaction is the one that is 
favored most by the application of more heat: 

Low ti-inperatlire 

Ho+S n.S+2730 cals. 

Jlitfli temperature 


Show that this statement is in harmony with the principle of Van’t Hoff , 
(§219). 

The reverse reaction can be shown very nicely by lighting :t jet of hydrogen 
sulfide and permitting it to impinge against the lower surface of a porcelain 
dish filled with water. The heat of flu* burning jet decomposes a part of the 
gas, and accordingly deposits a film of unburned sulfur again.*; t lie* porcelain. 
The. same effect may be observed if a cylinder of the gas is lighted with a match. 

Those experiments reveal it dilemma (hat is often met in try¬ 
ing to carry out it chemical reaction in a useful way. If we employ 
too low a temperature a reaction may proceed too slowly to be 
of any use. Too high a temperature may favor the reverse 
reaction. We are eompellod to steer a pretty narrow course 
between insufferable slowness mid incompleteness. The only pos¬ 
sible way out of such a difficulty is to find a catalytic agent to speed 
up the desired reaction, and thus make it possible to use a lower 
temperature than would otherwise be permissible. 

Which of the following reactions (§ 219) can be made more complete from 
left to I'Kjlit by an increase of temperature than would otherwise he permissible; 
and which need to be carried out at as low a temperature as possible, in the 
presence of a catalytic agent? 

Ca(<=* ( l.l.OOO cals.; 

N.+.ill, 2X11,+21,out) cals ; 

Nil.,+20. ;r» HX(): + II.() + S(),7U() cals.; 

C + r<>,«+ 2( '<)-.‘19,000 cals.; 

2SO, +0, 2SO..+ In,200 cals. 

A minus sign means that heat is absorbed in the left to right reaction. 


230. Hydrogen Sulfide as an Inactive Acid. - Review §§ 103, 
114. Hydrogeh sulfide is one of our most important chemical 
reagents, in spite of its unpleasant odor, and the danger attending 
the use of such a poisonous substance. 

It dissolves slightly in water, forming a solution having the 
properties of an extremely inactive acid. Thus by direct union 
with bases it forms salts and water. 
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If H»S is passed into an alkaline solution until it is saturated the aeid sul¬ 
fide is formed: 

NaOII-f 1I,S - NallS ■+11.0. 

Half enough ILK to saturate the solution gives the normal salt: 

2NaO! I+ ILS - Na,S f 114). 

Sodium aeid sulfide, NallS, less properly called aodium hydrosulfide, 
reacts neutral toward litmus; and the normal salt Na-jS is strongly alkaline—■ 
facts that prove hydrogen sulfide to he a very inactive acul (§ 114). 

231. Hydrogen Sulfide as a Reducing Agent.- Hydrogen sul¬ 
fide reduces * great many other substances, and is itself oxidized, 
usually to water and sulfur. But a very vigorous oxidizing 
agent, such its nitric aeid, may give sulfuric acid. In either case it 
is really tint sulfur wilhin the hydrogen sulfide that is oxidized, 
increasing in valence from —2 to 0, or even -f (i (compare § 133). 

1. A solution of hydrogen sulfide is slowly oxidized by air, 
becoming milky from separated sulfur: 

2IUS-H L = 21M )-f 2S. 

2. Sulfur dioxide is reduced to sulfur: 

S< >:;+2H.-S = 3S+21 IjO. 

3. Concentrated sulfuric acid is reduced to water and sulfur: 


oll-jS-f HjSO-i — 411-4 )4“4S. 

4, 5. Potassium permanganate and potassium dichromate, in 
presence' of dilute acids, are* mlue'oel to corresponding salts of 
])otassium, mangane*se*, and chromium: 

KMiiOt+IIjS+IICl -> KCI + MnClg+IIaO+S. 

Halanee this by the* method of § 111/). 

Write iinel balmier, similarly, equations for the ri'cluctiem of potassium 
permanganate and potassium diefiromate hv hydrogen sulfide' in the presence 
of sulfuric aeid and acetic aciel, respectively. Keep proper valences (§ 122). 

t>. Hot, fairly con mitral oel nitric acid oxidizes hydrogen sulfielo 
to sulfuric acid, JBtiel is it self reduced to nitrogen peroxide, NO 2 . 

Write and balance equation. 

7. Ferric salts, in acid solution, are reduced to ferrous salts: 

2FeCl 3 +H 2 S = 2FeCl;>+211 Cl+S. 
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If tho solution is alkaline, ferric salts give a black precipitate of ferric 
sulfide, Fe a S 3 ; and ferrous salts one; of ferrous sulfide, FeS. 

8. Iodine is reduced by hydrogen sulfide to hydriodic acid 
(§199): 

la+TT^S = 2IIIH-S. 

Why are we justified in calling this reduction? Describe the process as a } 
transfer of electrons. 


232. Hydrogen Sulfide as a Precipitant.— The most important 
use of hydrogen sulfide is in the chemical laboratory as a pre¬ 
cipitant (or precipitating agent.). Many metals tire* precipitated 



Fio. 64.—Lecture experiment to illustrate the precipitation of the metals as 
insoluble sulfides, by a current of hydrogen sulfide 


as insoluble sulfides by passing a current of hydrogen sulfide gas 
through solutions of their sn'ts. The metal concerned may often 
be identified by t he color of the precipitated sulfide. 

In Fig. 64, hydrogen sulfide produced in the generator at the left is passed 
through a bottle containing a little water, to remove impurities, carried over 
mechanically in the spray from the generator. Tin eight bottles at the right 
contain solutions of the chlorides or acetates of Cu, Cd, Sl>, Zn, Mn, Fe, Ni, 
Ca; in each case m the presence of a small quantity of HOI. The first three 
of those immediately produce colored sulfides—-black, yellow, orange. The 
sulfides of the metals at tho rigid, are not. precipitated in Jho presence of acid. 
But on adding ammonium hydroxide through the thistle tubes, to neutralize 
the acid, four more precipitates come down—white, yellowish-pink, black, 
and black. The calcium is not precipitated, even in an alkaline solution. 

This experiment shows that the metals may be divided into 
three groups, according to whether they may be precipitated as 
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sulfides (1) in the presence of an acid; or (2) only in a neutral or 
alkaline solution; or (3) not at all. Details had best be post¬ 
poned until qualitative analysis is begun. 

Write equations for the precipitation of solutions of cadmium sulfate, bis¬ 
muth acetale, lead jicrchloratc, stannous chloride, and arsenious acid by hydro¬ 
gen sulfide, forming in each case a sulfide in which the metal has the same 
valence as it had in the original solution. Balance these five equations. 

233. Origin of the Deposits of Native Sulfur. —The reactions of 
hydrogen sulfide seem to furnish a clue to the way in which the 
enormous deposits of sulfur wore built up in nature. The vapors 
issuing from volcanoes contain considerable quantities of hydrogen 
sulfide and sulfur dioxide, formed by the action of acids or water 
on sulfide and sulfate minerals, at high temperatures. The sulfur 
dioxide is red need by the hydrogen sulfide (or hv CO, or CII4), 
producing deposits of sulfur which often fill all the rock crevices 
and minor vents ( funtarolcs ) around the main volcanic crater. 

So-called sulfur springs contain large quantities of dissolved 
hydrogen sulfide, from contact with sulfide minerals, or from decay 
of organic matter out of reach of air. When such hydrogen sul¬ 
fide solutions approach the surface the gas is oxidized by the 
oxygen of the air, and sulfur deposited. Many minor deposits of 
sulfur have been definitely traced to this origin. 

An interesting side-light on the subject is afforded by the observation that 
certain microorganisms have the ability to make use of hydrogen sulfide as a 
source of energy; absorbing tins gas, so poisonous for higher forms of life, and 
oxidizing it into sulfur and water—in much the same way that we ourselves 
obtain energy for our vital activities by the oxidation within our bodies of 
fats, sugars, and starches to water and carbon dioxide. It is presumed that the 
enormous deposits of the southern Tnited States owe their origin in part to 
this process. 

EXERCISES 

1. Explain how it is determined that sulfur has the formula S, at tem¬ 
peratures just above its boiling point . 

2. IIow many cubic centimeters of hydrogen sulfide gas are required to 
completely reduce 22.4 ee. of sulfur dioxide? How many milligrams of sulfur 
are formed? 

3. All possible laudations exist, between ordinary vulcanized rubber and 
hard rubber. Is this an argument, for or against the assumption of chemical 
union between the sulfur and rubber, and in what way? 

4. How is S 2 CI 2 prepared, and for what is it used? 

ft. State the circumstances under which catalytic agents are employed, 
and those under which they are commonly not needed • 

6, 7. Review questions in §§ 229, 231. 
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8 Tell something of the part bacteria play in the transformations of sulfur 
in nature. 

9. What percentage of water is contained in gypsum? What percentage 
of sulfur in galena? 

10. A sample of impure pyrites contains 10 per cent of sulfur. To what 
percentage of FcSa does this correspond? 

11. How many liters of hydrogen sulfide gas at standard conditions could 
be liberated by the action of an acid on K7 9 g of pure fen oils sulfide? 

12. How many cubic feet of sulfur dioxide at standard conditions (§ 171) 
can be prepared by roasting a ton of impure sulfide or containing 40 per cent 
of sulfur. 

l‘b Sulfur is burned, using 50 per cent more air than is needed Find 
the percentage by volume of (b, Nj, and S( b in the gases coining from the 
furnace 


11 A ten-gram sample of an alloy is dissolved in acid, and the antimony 
contained in the solution precipitated with 1FS. The precipitate, Sb ; .S„ 
after being separated and dried, weighed Oddtiti g. Calculate the percentage 
of antimony in the alloy 


15 How many cubic centimeters of hydrogen sulfide gas are needed to 
precipitate the topper in 50 cc. of a X 10 solution of a copper salt? How 
many milligrams will the precipitate weigh? 

1G. What is meant, by each of the following: eatalyser, retarder, concen¬ 
tration, thermochemical equation, chemical equilibrium? 
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THE OXIDES OF SULFUR AND SULFURIC ACID 

234. Preparation of Sulfur Dioxide.— Sulfur dioxide is a color¬ 
less gas, with the odor of burning sulfur. It is produced: 

(1) Commercially, by burning sulfur or pyrites (§ 221). 

\\ rile and balance equations, assuming the iron in the pyrites 1o be oxi¬ 
dized to feme oxide. 

(2) In the laboratory, by reducing concentrated sulfuric acid. 

When concent rated sulfuric acid is heated with metallic copper it. is 
reduced to sulfur dioxide, while the copper is oxidized to copper oxide. We 
may consider that sulfurous acid, II_.S(),„ is first formed: 

11-SO, | Cu-C'uOfH.SO... 

1 

S< ).+H>(). 

Some of tin* copper oxide formed always reacts with a part of the excess of 
sulfuric and. forming copper Millate 

Write and balance similar equations for the reduction of concentrated 
sulfuric and by sulfur, metallic aluminum, and carbon (forming carbon diox¬ 
ide). 


(:>) In tin' laboratory, by decomposing a sulfite or acid sulfite 
with a dilute, non-oxidizing acid: 


Na,S< ),+2ILS(), - 2 Nall St), -f I l-S(>, 

1 

I1 2 <>+S0| 

NallSOj+HOl = NaCl+ILSt 

1 

II j( )-f-SOo 


Write and balance equation for the decomposition of calcium sulfite by 
acetic acid. Kor the decomposition of potassium and sulfite by phosphoric 
acid, forming Kll.-1 , () 4 . Keep correct valences for elements concerned. 

235. Physical Properties of Sulfur Dioxide.— Sulfur dioxide is 
fairly soluble (about 50 volumes of gas in 1 of water, at room tem¬ 
perature). Like chlorine and carbon dioxide, it can be condensed 

201 
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to a liquid at room temperature by pressure alone, and is sold in 
liquid form in stool cylinders. Liven at atmospheric pressure it is 
easily liquefied by being passed through a tube packed in salt and 
ice. 


From Hu- formula of tin* pas dot ermine (§ 154) whether it is heavier or 
lighter than the air, and in about what ratio. 

236. Chemical Properties of Sulfur Dioxide.—1. Sulfur dioxide 
is an important bleaching agent. This property depends on its 
ability to unite with a good many colored substances to form 
unstable colorless “ addition compounds.” (Contras* this with the 
bleaching action of chlorine.) 


Sulfur dioxide is preferred for hleaehinp silk, feathers, and wool— intro- 
qcnnun maUrml -lor these Mould la 1 injured by the alkali in bleuelnnp powder. 
Cotton and linen, on tlu* ot her hand, w Inch are commonly bleaehed with idea fil¬ 
ing powder, w< uld be weakened by snlfune aeid developed by oxidation oil 
drying them m air, utter hleaehinp with sulfur dioxide. 

The juice of the sugar beet is bleached with sulfur dioxide in the manu¬ 
facture of sugar (§ 


2. A solution of sulfur dioxide in water turns blue litmus red, 
and is assumed to contain a slightly active acid, sulfurous acid, 
H^SOa. The acid itself lias never been obtained separate from the 
water in whieli it is dissolved, its formula being merely inferred 
from that of its sails: the aeid and normal sulfites. It is accord¬ 
ingly referred to as a “ hypothetical aeid.” 

If enough SOj is passed into an alkaline solution to saturate 
it (i.e., aeid in excess) an acid sulfite or bisulfite is formed: 


Na()Il + S( h 


XallSOs. 


The normal sulfite is prepared by dividing a solution of sodium 
hydroxide into two equal parts, saturating one with S(U, and then 
adding the other. (Write equations.) 

IIow would you prepare a solution of calcium bisulfite, Ca(IIS(). t ) 2 ? Write 
equation. This reaction is of great importance hi paper-making (§ .471). 

From the character of sulfurous acid (slightly active) predict the action 
(§ 114) toward litmus of a solution of sodium sulfite. • 

3. Sulfur dioxide is a good reducing agent. When it reduces 
another substance it is itself oxidized to sulfuiic acid. 

a, h Potassium permanganate and potassium dichromnte. in presenee of 
dilute sulfuric acid are reduced to sulfates of K, Mu, (Jr (Valences, § 122). 
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c. Nitric acid is reduced ft) nitric oxide, NO. 

d. Iodine (in presence of water) is reduced to livdriodic acid. 

Write equations for those four reactions, and balance according to 
§ 135. 


Note that sulfur dioxide and hydrogen sulfide are alike in 
having acid properties and reducing properties when dissolved 
in water. 

But sulfur dioxide cannot be used as a precipitant, after the fashion of 
hydrogen sulfide—for sulfites of the heavy metals, although very slightly sol¬ 
uble in water, are'measurably more so than the corresponding sulfides; and 
enter into the reverse reaction: 

FoSCb+IhNO, <=» ILSO.+FeSO,. 

Equilibrium is reached before enough heavwnelnl sulfite is formed to saturate 
the solution and permit a precipitate to appear. 

237. Thiosulfates. —Closely related to the sulfites arc the 
thiosulfates. Sodium thiosulfate, Na^Oy-fill^O, is commonly 
called “ hypo.” A solution of this salt is an excellent solvent for 
silver salts insoluble in water, and is used for this purpose in 
photography, as a fixing balli (§ 545). In the bleaehing industry 
it is used to combine with and remove any trace of chlorine that 
may remain in the cloth after the bleaching process (§ 1S5). 

Sodium thiosulfate is commonly prepared by dissolving pow¬ 
dered sulfur in a hot solution of sodium sulfite: 


Na;»SO;{-t-S = Nai.»Sj() ;{ . 

A solution of sodium thiosulfate is an important reagent m the chemical 
laboratory. It decolorizes iodine solutions: 

2Nu:S,0,+L - Na,S ,(\+2NaI; 

Sodium 

li'tnitliiouatc 

and is used as a means for determining how much iodine is present in solutions 
of unknown concentration ( loditnelrn ). 

In spite of the trade name, “ hypo.” and the occasional designation sodium 
hyposultite, sodium thiosulfate is different from the true sodium hyposulfitc, 
NasSjOi. This is formed by the reduction of a solution of sodium bisulfite with 
zinc, and is of commercial importance as a reducing agent in dyeing cloth with 
indigo dye. # 

238. Sulfur Trioxide, SO 3 .—Whenever sulfur burns in the air a 
small quantity of SO3 is formed in addition to the main product, 
SOv». Sulfur trioxide is most conveniently formed by passing 
sulfur dioxide mixed with an excess of air or oxygen, through a 
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moderately heated tube containing ferric oxide or platinum-coated 
asbestos to serve as a catalytic agent: 


2 SO 2 +CV, 2SO a +45,200 cals. 


Wc inert the same difficulty here that was observed in the attempt, to pre¬ 
pare hydrogen sulfide bv direct union of hydrogen and sulfur (§ 2129). r I 00 
low a temperature means too slow a reaction rate; too high a temperature 
favors the reverse reaction (§ 219). Wo accordingly compromise on about 
400" C. With a catalyzer the reaction is fast enough at this temperature, 
using a large excess of oxygen, to convert about 9X per cent of the SO., into 
SO 3 during passage through the tube. Why an excess of oxygen (§ 217)7 


Sulfur trioxido, or sulfuric anhydride,* is ;i colorless liquid, 
quickly transformed info a snow-white solid (S 2 O 1 .) With much file 


Contact 

'1 DWiT 


Absorption 

’I uWl*' 



Fk.\ 05 —Manufacture of sulfuric acid by the contact process 

appearance of asbestos, on standing in eonfaef with a truce of 
moisture. Both substances unite vigorously with water to form 
sulfuric acid. 

239. Contact Process for Manufacturing Sulfuric Acid.- The 
process just outlined is the basis of t he contact or catalytic process 
for the manufacture of sulfuric acid. 

Sulfur or pyrites is burned in the air to SO-.,. This gas is cooled and freed 
from dust; washed with water, then dried by being passed upward through a 
tower filled with quartz or coke, down which trickle's concentrated sulfuric 
acid. Arsenic compounds are next removed by passing the gas over series 
of shelves filled with ferric oxide. The purified gas is then mixed with air, 
heated in a regenerator (ft, Fig. (Wi), and passed into a contact, tower, con¬ 
taining a cata'vt.ic agent (Fe 2 (h). Here sulfur dioxide unites with oxygen to 

* At, add anhydride, is a non-metallic oxide, callable of forming an acid by 
direct union with water (§ 101). 
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form sulfur trioxide, and releases a considerable quantity of heat, which is used 
in warming fresh quantities of incoming gases in the regenerator: 

2KO, +0, = 2SO,+45,200 cals. 

It happens that the sulfur trioxide vapors thus produced tend to form a mist 
of fine droplets, which can be bubbled right through water without being dis¬ 
solved. But they art* absorbed quite readily by bringing them into contact 
with a spray of concentrated sulfuric acid. Thus we form <l fuming sulfuric 
acid,” IbS-_»Oy, which yields ordinary concentrated sulfuric acid on being 
diluted with a quantity of water equivalent, to the SOj which it lias dissolved. 

H2S2O7+11*0 = 2 HifS() 4 . 

240. The Chamber Process. —A grout deal of dilute sulfuric 
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acid is still manufactured by the chamber process. This is carried 
out in three operations: 

1. Pyrite or sulfur is burned to StE in a large excess of air, in a 
row of small furnaces or pyrite burners {F, F, Fig. (Hi). 

2. The SO'j is mingled with steam ami nitric acid fumes; and 
in the presence of atmospheric oxygen is oxidized to dilute sulfuric 
acid, as it slowly drifts through a series of three to six load-lined 
reaction cliambefV (A, H, ('), each the size of a small lecture hall 
(100X40X40 ft,). 

The reactions involved in this process of oxidation, stripped of all unneces¬ 
sary details, amount to this: 

(a) The nitric acid fumes, introduced in pari at X and in part in the tower 
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G, consist of N0 2 ,0 2 and water vapor; but, ignoring the excess of oxygon, may 
for simplicity be represented by the. formula of nitric acid itself, written 
0H'N0 2 . By direct addition to S() 2 we then get K()»(Oll)iN() 2 ), which 
is nitrosyl sulfuric acid, a substance forming beautiful white crystals, resem¬ 
bling frost patterns. 

(ft) This nitrosyl sulfuric acid is immediately decomposed by the excess of 
steam (double decomposition), forming dilute sulfuric acid: 

so, (OH) (no,) +11 on -scvoi n.+1 1 n< * 

Sulturi. \ it i mis 

at ul iiftl 

(c) The nitrous acid fumes thus produce.l are reoxidized to nitric acid by 
the excess of air in the succeeding chambers, and used over agnpi. The oxygen 
of air, and not nitric acid, is, m the last analysis, the real oxidizing agent m the 
chamber process. The nitric acid fumes merely aid in the transfer ol the oxygen 
and thus, in a sense, play tin* part of a catalyzer. This reoxidation of nitrous 
fumes by the air takes time, consequently the chambers miisl be numerous 
enough and large enough to keep the mixed gases from drilling through too 
rapidly. 

( d ) But these nitrous fumes cost money. \\ hen leaving the last chamber 
they must not be permitted to escape, but are dissolved m a spray of concen¬ 
trated sulfuric acid (in the Gay-Lussac tower, L) elevated with compressed 
air, and reintroduced into the system (in the Glover tower, (!) ’The two tow¬ 
ers, then, are simply a scheme for saving nitrous acid fumes. One dissolves 
these, the other puts them back into the system—a beautiful example of a 
reversible reaction: 

Gay-Lussac tower 

S0 2 (0H) 2 + HNC+ ^ S().K)II)(\0,) + H()II. 

Cunrfiitralt’ri Glover tower \ilM>hNl 

sulfuru* and siiliuiu at id 

The water used in reversing this reaction, in the Glover tower, is usually 
introduced in the form of dilute sulfuric acid, drawn Irom the bottom of one of 
the chambers, as shown in the sketch. If Ihe two lowers operated perfectly 
the process would run indehnitelv, after once being started, without intro¬ 
ducing more nitric acid But in practice there is some loss of nitrous fumes, 
and a few pounds of nitric acid need to be prepared (jj 25>7) and introduced 
from the niter-pot, N, for every ton of sulfuric acul manufactured. 

Before leaving the subject of the manufacture of sulfuric acid 
the student should note that the contact and chamber processes 
both operate on the same principle: The oxidation of S0 2 by the 
oxygen of the air, adding enough water to form H.-SOi. But the 
steps by which this result are obtained are different, in the two 
processes; and in the chamber process we are sftilo 1o identify an 
intermediate product, S0 2 (0II)(N()2), which explains how the 
catalyzer does its work. 

1 he cor.tact process may produce sulfuric acid of any conceal ration. The 
Chamber proce3t, on the other hand, gives only dilute sulfuric acid, since con- 
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centrated acid would attack the load linings of the chambers. Chamber acid 
may bo concentrated by evaporation, preferably by being heated while trickling 
down a cascade system const meted of trays of fused silica (§ 400); but much of 
it is used directly in the diluted condition, for the manufacture of super¬ 
phosphate fertilizer (^§ 314). 


241. Properties of Sulfuric Acid. —Sulfuric acid is a heavy, oily 
liquid, miscible with water in all proportions, and quite colorless if 
pure. It freezes into beautiful crystals tit a few degrees below 
zero. It is easily decomposed, at temperatures near its boiling 
point, into I DO and SOa; and the latter in turn, to a slight extent, 
into S( >2 and < > 2 . When the concentrated acid is poured into water, 
a great deal of heat is liberated—evidence that, in this case, the 
act of solution is not a simple mixing of the two substances, but a 


chemical combination between the acid and the water. 

The chemical behavior of sulfuric acid varies with its concen¬ 
tration. In dilute solution it is an acid of moderate activity. 
I 11 concentrated solution it is an oxidizing agent and a dehydrating 
agent. 

1. Acid Properties (shown in dilute solution). Compare 
(§ 179). 

(a) Many metals (most conspicuously those above hydrogen 
in the electrochemical series) dissolve in dilute sulfuric acid to form 
sulfates, the action being the more vigorous the higher the position 
of the clement in the serif's. 


Write equation'* for the solution in dilute sulfuric acid of such of the fol¬ 
lowing metals as dissolve in it appreciably, at, room temperature: Na, Sn, 
Cu. Fe, \l. (Wlii'ii Sn or Fe dissolves in an acid in the absence of air it forms 
the salt of lower valence). 

(l>) Displaces II 2 S, SOj, and CO 2 from sulfides, sulfites, car¬ 
bonates. 


Give equations to illustrate. 

(r) Reacts directly with metallic oxides and bases to form sul¬ 
fates (acid or normal) and water. 

Write and balance equations for the preparation in this way of the normal 
sulfates of ammomufli, calcium, feme iron. 

Under what conditions do sulfuric acid and sodium hydroxide unite to form 
the acid sulfate, and under what to form the normal sulfate? 

2 . Oxidizing properties (shown in concentrated solution). 
Concentrated sulfuric acid contains about 95 per cent II 2 SO 4 and 
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5 per cent water. If cold, it nets on iron and most other metals 
more slowly than when dilute, apparently because the sulfate 
formed is but slowly soluble in the concentrated acid, tends to 
coat the surface of the metal over, and thus retards the action. 
Rut when concentrated sulfuric acid is heated, its oxidizing prop¬ 
erties come into play, and almost any metal or non-metal, regard¬ 
less of its position in the electrochemical series, is oxidized and 
dissolved. 

Recall the action of hot concentrated sulfuric acid on copper (§ 231-2). 

Recall the action of concentrated sulfuric acid on hxdnodtr acid (§ lt)2i. 
Write equation. 

3. Dehydrating properties (shown in concentrated solution). 

Concentrated sulfuric acid has a strong tendency to unite with water, and 
is commonly used in the laboratory to dr\ gases. It i.- such a powerful dehy¬ 
drating agent fiat it decomposes substances like sugar and paper, which con¬ 
tain water in chemical combination. The residue, m the- ease of sugar, is a 
porous black mass, mainly carbon. Hut there is always an odor of sulfur 
dioxide, evidence that the sulfuric acid has oxidized the mate-rial to a slight 
extent, and been itself reduced. 

242. Test for Sulfates. —Only the univalent metals form 
acid sulfates (NallSO,. K1ISO,). These are strongly acid toward 
litmus. 

Arid sulfates and sulfates, as well as sulfuric acid itself, give a 
precipitate of barium sulfate whim treated with a soluble barium 
salt: 

Nall SO 4 -f Rad ^ = BaSt), I -fNaCl-fllCI. 

The precipitate formed should prove insoluble in IlOI. If it dis¬ 
solves it may be barium phosphate, carbonate, etc. The forma¬ 
tion of a white crystalline precipitate, insoluble in dilute acids, 
on adding barium chloride to an unknown solution, is a test for 
a sulfate. 

243. Uses of Sulfuric Acid and Other Compounds of Sulfur.— We meet 
compounds of sulfur, particularly sulfuric acid and its salts, in almost every¬ 
thing we do. The water of our domestic supply is often clarified with alum¬ 
inum sulfate (§ S2) or freed from algae with copper sulfate. (>ur soap .'s some¬ 
times made from fat, with the aid of a catalytic- agent prepared from sulfuric 
acid: or else with the aid ol caustic soda, a substance often made bv a process 
calling for su'bine acid <§ 13.1 1 . The bristles ol bnislie- are o!ten softened with 
dilute ..nlftiiic acid. 

Y a- wool of our clothing is «coured with sulfunc and, and bleached with 
sulfur dioxide, and ihe dyestuffs are fixed m the fiber with aluminum sulfate. 
The dyes then.selves require sulfuric acid at several stages of their manufac¬ 
ture The leather of our -hoes is ollen prepared and tanned with Ihe aid of 
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arsenic sulfide and chromium sulfide. Shoe-1 ilacki iik contains aninml char¬ 
coal, purified willi dilute sulfuric and. 

At the table we meet glassware prepared from sodium sulfate (§400). 
We may bo served with cereal grown upon land fertilized with ammonium sul¬ 
fate, gypsum (calcium sulfate), or superphosphate (made by the action of 
dilute sullurie and on phosphate rock, §011). The very ehinaware may 
carry a pattern of ultramarine blue, a sulfur compound Sugar is often 
whitened by sulfur dioxide (§ 007); and corn syrup i- made bv treating starch 
(§.‘}00) with dilute sullurie acid, fir an acid (IK'l) derived from it. Our 
newspapers contain wood pulp, which require-' calcium bisulfite m its prepara¬ 
tion (§.'!7I). and olten contain a trace of ultramarine. Fruiters’ ink often 
calls for sullurie and in it" manufacture. 

If we own an automobile we meet sulfuric and in the storage battery, and 
various compounds of sulfur m the tires. Ceitam parts of the ear were pre¬ 
pared lor enameling b\ pickling in dilute sulfuric and. The nickel-plated fix¬ 
tures were all plated in a bath containing nickel ammonium sulfate. AN hether 
the’upholstermg is of real or artificial leather, sulfur compounds went into its 
preparation. The top is of fabric, impregnated with cellulose esters, prepared 
with the aid of sulfuric acid. Cellulose esters appear again in the celluloid 
windows ami the body lacquer. The gasoline we burn comes from petroleum, 
purified bv’sulfurie acid f§o4o). Our road wavs are cut through rocky out¬ 
crops by blasting with dvnanute. a subdancc requiring sullurie acid in its man¬ 
ufacture (§d70). Even the Fort land cement used in constructing concrete 
bridges, culverts, or roadbed always contains a small amount of calcium sul¬ 
fate f § 465). 

We meet, other sulfur compounds in our fountain pen, typewriter, tele¬ 
phone, varnish on our office, furniture, writing paper, and the lithographed 
calendar c n the- wall. Even in our moments of relaxation we fail to escape 
from the compounds of sulfur, for cinematograph films, the insulation of wire¬ 
less sets, piano keys, and a violin have met sulfuric acid, or substances pre¬ 
pared with the aid of sulfuric acid, at some stage of f heir manufacture. Indeed, 
our last act, when we rel ire at night, may be to turn a sulfur-rubber sw itch, thus 
breaking an electric circuit, consisting of copper wire, purified by electrolysis 
in a bath containing copper sulfate and sulfuric acid. 

244. Graphical Summary. 


Occurrence 
in Nature 



Hydrogen Sulfide Sulfur Dioxide 

Arid properties slightly active acid -+ 1M > - fairly 
Oxuhzituj or re- active acid 

during b reducing reducing 


Sulfuric Acid 

active acid 

oxidizing (if cone.) 
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Behavior when 
heated 

Other properties 
Chief uses 


Hydrogen Sulfide 

<^H 2 +S 

precipitant 

separating and 
identifying met¬ 
als in qualitative 
analysis 


Sulfur Dioxide 
unchanged 


bleaching agent 

bleaching, mainl¬ 
ine. of paper, 
manufae. of sul¬ 
fites and thiosul¬ 
fates; manufae. 
of JIjSO* 


Sulfuric Acid 
«=» 211-0+-SO 

2SOa+0* 

d(‘liydrating agent 
(if cone.) 

prep of superphos- 
phate; cleaning 
metals; purifying 
gasoline, £ 343; 
manufae d\os; ex¬ 
plosives, other 

ifjids, §§ 10f), 207. 


EXERCISES 


1. Review questions in §§ 234-230, 241. 

2. From the known properties of Ihe substances concerned write an oqua- 
tion for the reaction that will probably take place when — 

(а) Hydrogen sulfide saturates a solution of ammonium hydroxide. 

(б) Iron is heated with sulfur. 

(c) Silver is boiled with dilute sulfuric acid. 

( d ) Silver is boiled with concentrated sulfuric acid. 

(c) Calcium bisulfite is treated with acetic acid. 

(0 Hydrogen peroxide is added to a solution of hydrogen sulfide. 

(g) Sulfur is oxidized by concentrated nitric acid. 

3. How could you demonstrate that sulfur dioxide has the formula SO-, 
rather than S-Oe* 

4. What weight of sulfur needs to be burned to form a liter of concen¬ 
trated sulfuric acid, sp.g. 1.K4 (§ 140), 9K per cent pure? 

5. Write equations for the several steps necessary in the preparation of 
sodium thiosulfate, starting from sodium hydroxide and sulfur. 

6. What weight of lead sulfate can be prepared from 100 cc. of N/10 sul¬ 
furic acid solution? 

7. Starting with sulfur, how would you prepare, in succession: sulfur 
dioxide, calcium bisulfite, sulfur dioxide, sulfur. Write equations. 

8. Explain why a copper sulfate solution is never neutral toward litmus. 

9. How many milligrams of sulfur are contained in 10 cc. of N sodium sul¬ 
fate solution? 

10. What volume of sulfur dioxide gas is needed to prepare 1 liter of N/10 
sulfurous acid solution? 

11. What volume of sulfur dioxide gas can be prepared from the sulfur in 
1000 kg. of an ore containing lf> per cent zinc sulfide? 

12. From the atomic weight of sulfur estimate, its approximate specific 
heat. State the principle involved. 

13. Use your knowledge of sulfur to predict that selenium in the fol¬ 
lowing respects: 

(a) Oxide formed when selenium burns in air. 

(b) Nature of the compound formed when this oxide dissolves in water. 

(r) What, happens when elementary selenium is heated wit h metals. 

(+ Formula and chief chemical properties of selenium hydride. 

14. At wh.it temperature will 0.4 kg. of sulfur dioxide gas occupy a vol¬ 
ume of 250 liters, under a pressure of ft) atmospheres? 

15. What is the molecular weight of a gas, 1 g. of which occupies 112 cc., 
at 745 mm., and 20° C. 
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Romo of tlio most spectacular of recent, achievements in science eoneeri) 
the relation of matter to electricity. These researches have given us X-rays 
and radio, and promise much more through the glimpse they have afforded 
of the nature oi matter and energy. To know these more intimately is to 
control them more completely. The present chapter will review and amplify 
the previous discussion (§§ 101, 1();», 107j. 

245. A Century of Electrical Development — The story of what 
led up to these latest marvels of science takes us back to the early 
days of electrical experimentation, when (lalvani, in Italy, was 
watching the nervous twit dungs of frog’s legs, when stimulated by 
electrical discharge's (1700), and Franklin, in America, was draw¬ 
ing electricity from a thunder-cloud down a wet kite string (1752). 
Those experiments, and others that followed, showed that elec¬ 
trical phenomena of different kinds are really closely related. 
Electricity causes definite effects according to definite laws, 
whether if is produced by rubbing a rod of sealing-wax with silk, 
by air currents in a thunder-cloud, by chemical action, by heat, 
by movement of an electrical conductor in a magnetic field, or by 
the “ living-dynamo ’’ of the electric eel. 

Put with convenient means for producing electric currents by 
chemical action (§121) practical chemical applications were not 
long delayed. Nicholson and Carlisle, in England (1800) decom¬ 
posed wafer by the electric current. Then Sir Humphry Davy 
produced metallic sodium and potassium (1807) and several other 
now metals by electrolysis (§130); and Michael Faraday (1834) 
discovered the law that bears his name, and which enables us to 
predict how much chemical change will take place in an elec¬ 
trolytic cell when a definite amount of electricity is passed through 
it (§ 428). About, the same time Robert Hare (§ 32), in America, 
invented the elective furnace. 

Finally, Moissan, in France (1880) succeeded in producing 
elementary fluorine by electrolysis (§ 107); while metallic alum¬ 
inum (1880), electrolytic copper (§531), calcium carbide (§457) 
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and a dozen other electrochemical products became important 
commercial commodities. These latest developments appeared 
in a generation that witnessed the invention of the first, practical 
electric dynamo (1870). the telephone (1870), carbon arc and incan¬ 
descent lighting (1878) and tin 1 electric railway.* The apparently 
trivial experiments of the preceding century, with frogs’ legs, kites, 
and rods of scaling wax, had laid the foundations of a great science, 
which has altered the whole aspect of civilization. 

246. Some Questions to be Answered. — Hut the more famil¬ 
iarly electricity was applied in the great new industries the more 
insistently certain facts concerning it demanded explanation: 

Why do certain substances conduct an electric current very 
well, and others scarcely at all? 

Why do sill>s1 unces, like sodium chloride, that are non-con¬ 
ductors when in solid form, become conductors when molted or 
dissolved? 

Why is a copper wire not permanently altered, when a moderate 
current, is passed through it, while water is decomposed? 

Why does chemical action in electrolysis occur only at the elec¬ 
trodes? 

Why is it sometimes the water and sometimes the dissolved 
substance that, is decomposed when an electric current is passed 
through a solut ion? 

Why are dissolved substances, when a current passes, always 
moved through a solution and concentrated around one of the 
electrodes, even when they are not themselves decomposed? 

Why arc gases, at ordinary pressures, poor conductors of elec¬ 
tricity, becoming good conductors at low pressures, and poor con¬ 
ductors again at very low pressures? 

These were, for the most part,, unsolved riddles some forty 
years ago. A general theory was needed, to explain why things 
happened as they did, and to make electricity itself something less 
of a mystery. 

247. Instantaneous Reactions between Acids, Bases, and 
Salts. —Now whenever the questions raised in r£ given field of inves¬ 
tigation become too numerous or troublesome, the clue to their 
solution is very apt to come from workers in a neighboring spo 

* 8cf* the splendid historical introduction to the article “Electricity,” 
in the “ Eni yclopacdia Britannica.” 
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cialty. Thus in the present instance some questions almost purely 
electrical received their answer through a study of the matters 
apparently quite unrelated—the chemical and physical properties 
of acids, bases, and salts. 

Acids, bases, and salts are remarkable for the readiness with 
which they exchange atoms or groups of atoms with each other. 

Thus when a solution of a silver salt, is added to a solution of 
hydrochloric acid or any metallic chloride salt an instantaneous 
double decomposition occurs, producing a precipitate of silver 
chloride. But a solution of a silver salt added to a solution of 
chloroform (( HCl.j) product's no result.. Chloroform is not a 
salt, and its chlorine is not so readily exchanged for other non- 
metals or non-metallic radicals. 

Again, when a solution of acetic acid (IIC2H3O2) is mixed with 
a solution of the base, sodium hydroxide (NaOII) an instanta¬ 
neous reaction occurs, forming water. But the reaction between 
acetic acid and ethyl alcohol (C 2 II 5 OH) proceeds very deliber¬ 
ately, and at room temperature becomes reasonably complete only 
after the lapse of several weeks. Ethyl alcohol is not a base, and 
its hydroxyl is not readily exchanged for other non-metallic ele¬ 
ments or radicals. 

Of course reactions between acids, bases, and salts are not 
the only instantaneous ones. If they were we should have less 
respect for dynamite. But instantaneous reactions in which dis¬ 
solved substances exchange atoms of radicals are practically lim¬ 
ited to those in which the reacting substances are acids, bases and 
salts. It begins to look as if every molecule of an acid, base, or 
salt, were perhaps so constructed as to permit, atoms of hydrogen 
or metal to part company with the rest of the molecule, at the 
slightest provocation as if a molecule of silver nitrate, for exam¬ 
ple, were easily resolvable into two separate particles, a silver 
atom and a nitrate radical. But let us look farther before decid¬ 
ing t hat quest ion. 

248. Physical Properties of Aqueous Solution of Acids, Bases, 
and Salts. Tin* f**e and easy way in which acids, bases, and salts 
exchange atoms or groups of atoms is not their only peculiarity. 
In a former chapter (§ J ”>S), we found that, in many cases equal 
numbers of gram-molecules of different, substances, dissolved in a 
liter of water, are of equal effect on freezing points, boiling points, 
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vapor pressures, or osmotic pressures. But we also noted that 
aqueous solutions of acids, bases, and salts have lower freezing 
points and vapor pressures, and higher boiling points and osmotic 
pressures than would be expected from the number of gram- 
molecules of dissolved substance. 

Thus 1 gram-molecule of glycerol, cane sugar, or ethyl alcohol, 
dissolved in a liter of water, lowers the freezing point oi the latter 
to —1.80° C. But a grain-molecule of sodium chloride or hydro¬ 
chloric acid produces nearly twice, and one of calcium chloride 
between two and three times that lowering. 

249. Electrically Charged Particles in a Common Salt Solution. 
—The abnormally great lowering of the freezing point, in a solu¬ 
tion of an acid, base, or salt would be explained if we could assume 
that some of the dissolved molecules are decomposed by the 
process of dissolving them, each fragment of a molecule producing 
the same effect on the freezing point as one of the original mole¬ 
cules. 

But this idea at once gets us into difficulties. For sodium chlo¬ 
ride gives an abnormally groat lowering of the freezing point of 
water, yet if a molecule of sodium chloride were to be broken up, 
it is hard to see how Iho resulting fragments could he anything 
else than atoms of the two elements, sodium and chlorine. On 
dissolving sodium chloride in water we would then get metallic 
sodium, which would react with the water to liberate hydrogen; 
and chlorine gas, which would be betrayed by its odor and green¬ 
ish color. Ilow different from the known properties of a solution 
of common salt! 

Arrhenius, the Swedish chemist, who developed the theory 
we are discussing, tried to get around these difficulties by assuming 
that the fragments of molecules formed l>v dissolving sodium 
chloride in water are not ordinary atoms of sodium and chlorine 
at all, but electrically charged atoms, the sodium atom assuming a 
positive, and the chlorine atom a negative charge: 

Nad Na + +C1”. 

The double arrow signifies that we probably have to do with a 
reaction that is reversible and therefore incomplete, only part of 
the molecules of sodium chloride being decomposed in the process 
of dissolving them, while the rest remain unchanged. 
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The electrical charges are assumed to give the charged atoms, 
Na + and Cl~, quite different properties from those possessed by 
ordinary atoms of these elements, even depriving sodium of its 
property of reacting with water and chlorine of its green color and 
disagreeable odor. 

This may seem a very improbable assumption. But it looks 
more reasonable when we consider that it is energy which deter¬ 
mines the properties of matter. We here have to do with elec¬ 
trical energy, carried in very considerable charge's, on the indi¬ 
vidual atoms. 

250. The Ionic Theory. —The existence of electrically charged 
fragments of molecules in aqueous solutions is supported by quite 
another set of facts. Aqueous solutions of acids, bases, and salts 
conduct the electric current. What more' natural than to assume 
that this is because the charged particles travel through the solution, 
carrying their charges with them, and thus ferry the electricity 
across from one electrode to the other. For this reason they 
have been called ions (Clreek, going). But solutions of such sub¬ 
stances as cane sugar or alcohol are non-conductors of the electric 
current, presumably because they contain no ions, but only un¬ 
charged molecules. This is quite in agreement with the observa¬ 
tion that such solutions have quite normal freezing points. 

To summarize: Acids, bases, and salts, dissolved in water, 
readily exchange atoms or groups of atoms. Such solutions, 
furthermore, have abnormally low freezing points and conduct an 
electric current. 

We explain these facts by assuming that the molecules of dis¬ 
solved acids, bases, or salts are in part dissociated (§ 101) into 
electrically charged particles called ions. These, presumably, 
have the same effect on the freezing point as ordinary molecules; 
but serve also, in electrolysis, to transport electricity through the 
solution from one electrode to the other. This is the fundamental 
idea of the ionic theory, as stated by Arrhenius, in 1887. 

The three classes of substances which furnish conducting solu¬ 
tions when dissolved in water are called electrolytes. Substances 
which do not, such as cane sugar or alcohol, arc called non-elec¬ 
trolytes. 

261. Electrical Charges on Ions. —But granting the possible 
existence of ions, or electrically charged fragments of molecules, 
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another question looms up. Do all ions carry the same electrical 
charge, or do some carry more electricity than others; and are 
some perhaps positive, and others negative? 

We have a clue to this riddle when we recall (§ 107) that hydro¬ 
gen and the metals, with few exceptions, migrate during electrolysis 
in the direction of the negative electrode (cathode) and arc there 
separated; while the non-metals are separated at the positive 
electrode (anode). But the rule is that unlike charge's of elec¬ 
tricity attract. It must therefore follow that ions of hydrogen and 
the metals carry positive, and ions of the non-metals negative 
charges. Examples, H + , Na + , Cl - , NO* - . 

Since the positively charged ions all move in the direction of 
the cathode' during electrolysis they are frequently called cations; 
while the negatively charged ions are' called anions. 

We think of the electricity passing through a cell during a 
process of electrolysis as being transported through the solution bv 
the movement of the individual ions. As soem as the circuit is 
closed the ions within the solution be'gin to move—cations toward 
the cathode, and aniems toward the anode. An ion which happens 
to be very close to an electrode arrives there* imni'*diately; others 
maj r not. arrive for hours. But as they come* up. e>ne by erne, they 
may (or may not) elischargc the'ir electricity into the electrode, and 
make their appearance as ordinary atoms or molecules—chlorine, 
hyelre>gen, metallic copper, and so forth. 

Now experiments show dial. the quantity of electricity passing 
through an electrolytic cell while one gram-atom of an element is 
being dissolved, transformed or separated at an electrode is 
proportional to the valence of that element —twice as much for 
one gram-atom ( = 65.37 g.) of zinc (Zn“), and three times as much 
for one gram-atom ( = 27.1 g.) of aluminum (Al m ), as would be 
needed for a gram-atom ( = 1.008 g.) of hydrogen. This is Far¬ 
aday’s Law, discussed more completely in a later chapter (§ 428). 

This proves that, each individual ion carries an electrical charge 
directly proportional to the valence of the corresponding atom or 
group. 

Thus if the hydrogen ion is represented by II + , that of zinc 
must be Zn ++ , and that of aluminum Al + ++ . Giving negative 
signs to anions, the chlorine ion must, be (d - , the sulfate ion SO 4 , 
the phosphate ion PO* , and so forth. 
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252. Polar and Non-polar Solvents. —Water is not the only 
solvent that furnishes conducting solutions, by causing dissocia¬ 
tion of the dissolved substance into ions. Liquid NH;j, liquid SO 2 , 
liquid HCN, and liquid HE (§ 197) are about as effective as water 
itself. Many organic solvents, such as alcohols and acids,* also 
dissolve electrolytes to form solutions having noteworthy con¬ 
ductivity. 

These substances (and water itself) are all characterized by a 
comparatively great chemical activity. They enter into numerous 
chemical reactions with each other, even at room temperature. 
As a group they are often referred to as polar solvents. 

But the organic hydrocarbons- substances containing hydro¬ 
gen and carbon only—as well as certain related halogen and sulfur 
compounds are comparatively inert chemically. These non-polar 
solvents are not only nearly perfect insulators themselves, but fail 
to furnish conducting solutions when other substances are dis¬ 
solved in them. Examples are hydrocarbons and hydrocarbon 
mixtures like benzene, gasoline, and kerosene; and such things as 
chloroform and carbon bisulfide. 

253. Conductivity of Molten Salts and Alkalies. —Many crys¬ 
talline salts become pretty fair conductors when they are heated 
to temperatures just below their melting points; and when actually 
melted, all salts, and the caustic alkalies (NaOH, KOH) conduct 
well. Thus heat is able to dissociate certain substances into ions. 

This fact is put to practical use on a commercial scale in tin* preparation of 
metallic sodium hv electrolysis of fused Nad or NaOII (§§ 432, 433). Many 
other metals (K, Pt*, Mg, ('a, Ha) have been prepared in a similar way by 
the electrolysis of their fused chlorides. 

264. Formulation of Electrolytic Dissociation. —The process of 
decomposing a substance into its ions is called electrolytic dissocia¬ 
tion in spite of the fact that it has nothing directly to do with 
electrolysis, but, is brought about by tlu* very act of dissolving the 
given substance' in tlu' polar solvent. The only effect of an electric 
current on such a solution is to cause 4 ions already present to move 
up to the electroele's anel there 4 deliver their electric charges. It 
is even t hought that ions may pre 4 -exist in a crystal of such a sub¬ 
stance; as sodium chloride, in advance of its solution in water. 


* Also organic aldehydes, ketones, nitriles, and amines. 
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Electrolytic dissocial,ion is also often called ionization. It is 
presumably always to be formulated as a reversible reaction: 


NaaCOa ** 2Na + + C0 3 "; 

NallCOy Na 4 

TI 

II 4 -fOO, 

Ala(ROi)a <r-> 2A1 4 * 4 +3SOi“"; 

II0 1 .Il;i()-»^II 4 4-( 1 L>Il; { O,“; 

NII.jOII NIl4" t 4-on • 

In writing ionic equations this text will employ a dotted arrow 
whenever a reaction is very incomplete. Thus the preceding 
equations indicate that the three substances first listed arc 1 as¬ 
sumed to be very largely dissociated into ions, and that there is 
but a slight tendency for these to recombine to form molecules. 
But the last two equations show that acetic acid and ammonium 
hydroxide arc presumed to jKTsist very largely as molecules when 
dissolved in water, and form but comparatively few ions. The 
reasons for these assumptions will be given hereafter. 

We may also notice that the groups or radicals of ordinary 
molecules remain undecomposed in forming ions. They simply 
assume charges as a whole. Note also that all acids furnish H + 
ions, and all bases OH~ ions, when dissolved in polar solvents. 

Which of the following substances arc electrolytically dissociated when 
dissolved in water: 


Ca(()ll) 2> KCN, NIENO,, 


(CllaXCO, IIC10, CelhOll, NaNII .IIPO.,, C 6 IIi 2 C> 6 . 


Formulate the dissociation when it occurs. 


256. Acids Dissociate in Stages.— It should bo noted that 
acids having more than one replaceable hydrogen atom in a mole¬ 
cule —such as H 2 SO 4 , H 2 CO 3 , II3PO4 . . . dissociate in successive 
stages: 

H 2 SO 4 «=* H + -f IIS()4~; 

llydroHul- 

flltC'lOIl 


HS0 4 “ *=* II + 4-SO* . 

Sulfuti-ion 
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The second stage is always much less complete than the first, 
and third (if any) less complete than the second. Thus phos¬ 
phoric acid behaves in certain respects as if it were a mixture of 
three different, acids of different, degrees of activity. 

256. Degree of Dissociation from Freezing-point Data.— 
The freezing point, of a solution sometimes informs us what pro¬ 
portion of the dissolved material is dissociated into ions, and what 
proportion persists as molecules- in other words, the degree of dis-' 
sociation. It. 1 urns out that as more and more water is added to a 
solution of an electrolyte, more and more of the dissolved mole¬ 
cules are disrociated into ions. 

For a substance such as Na(’l, one molecule of which can fur¬ 
nish two ions, the freezing point lowering for a very dilute solution 
should approach but never exceed twice that obtained with a 
solution containing the saint 1 fraction of a mole of a non-elec¬ 
trolyte (such as sugar) in a liter. But (Yi(E n one molecule of 
which can furnish three ions, ought to give a lowering of the 
freezing point, in very dilute solution, approaching, but never 
exceeding three times the normal lowering; and one of l\ 3 [Fe(CN)c] 
which can furnish four ions, a lowering approaching, but never 
exceeding, four times the normal one. 

Experiments made with extreme care, using instruments capable 
of measuring temperature differences of a few ten-thousandths of a 
degree, have confirmed these anticipations. We have here one of 
the strongest arguments supporting the ionic theory, for extremely 
dilute solid ions. 

Rut it must be admitted that the results for rather concentrated solutions 
are quite irregular, for reasons not yet well understood. Perhaps, the simple 
dissociation of molecules into ions, uncomplicated by other phenomena, will 
be found in the end to occur only in very dilute solutions—just as the simple 
gas laws (§ 2()j are accurately true only for highly rarefied gases. 

267. A Problem Based on Freezing-point Data.—For the 

elementary student it is of less importance to understand how to 
calculate degrees of dissociation from freezing-point data than it is 
to remember that^such calculations can be made if one has need to 
do it. 

The method is indicated in the annexed diagram. Let a solution of sodium 
chloride be assumed to freeze at —0.70° C. This is x |ht cent dissocia¬ 
tion. 
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Let the freezing point of a solut ion containing the mine fraction of a mole 
of a non-electrolyte, such as cane sugar, in the 
given volume of solution be —0.4°. This 
represents 0 per cent dissociation. 

If the NaCl were completely dissociated, 
each molecule furnishing two ions, the freezing 
point would go down twice as far as with the 
non-electrolyte, or to —O.X° C. This repre¬ 
sents 100 per cent dissociation. 

It is now plain from the diagram that the 
actual dissociation of the sodium chloride is 
less than 100 per cent, in the ratio of O.IUi to 
0.40. The required degree of dissociation is 
therefore 0.30 0.40X100 — 00 per cent Ann 
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268. Degree of Dissociation from 
Conductivity Data. — As a solution of 
an electrolyte is diluted more and more 
it becomes a worse and worse conductor 

of electricity. This is only to be exjiected when we consider 
that diluting a solution decreases the quantity of dissolved elec¬ 
trolyte in each cubic centimeter. 

But if we make allowance for the decrease 
in concentration, or if wo use electrodes large 
enough to include all the diluted material 
between them (as in Fig. (17) we find that 
increased dilution actually increases llie total 
conductivity. This means that the addition 
of water causes more and more of the un¬ 
charged molecules, which play no part in 
conductivity, to dissociate into ions. This 
result is quite in harmony with determinations of the freezing 
points of very dilute solutions. 

Now this total conductivity—say for one mole of dissolved 
substance—though it increases at first with increasing dilution, 
frequently reaches a maximum, after a large amount of water has 
been added, and thereafter remains constant. This represents 
100 per cent dissociation—all the molecules of the dissolved sub¬ 
stance dissociated into ions, and hence no possibility of forming 
more ions, on adding more water. If in any given case the total 
conductivity is just half the maximum total conductivity obtain¬ 
able with the same weight of that substance in very dilute solu¬ 
tions, we conclude that the dissociation is 50 per cent complete. 


Fig. 07. 
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To summarize: Degree of dissociation may frequently be 
obtained by comparing total conductivity with maximum total 
conductivity for a given weight of a given electrolyte. 

269. General Results. —Research workers in different countries 
of the world, during the past forty years, have devoted a tre¬ 
mendous amount of lal>or to a study of the freezing points and 
conductivities of solutions in various solvents, in an attempt to 
discover what rules determine the extent to which different classes 
of substances are ionized. The results obtained have often defied 
interpretation. But. if we limit ourselves to very dilute solutions 
we find that tne two chief methods agree in their testimony: 

The most active acids and bases are the most completely dis¬ 
sociated into ions. This is presumed to indicate that reactions 
between dissolved electrolytes take place between ions, rather 
than between molecules. A highly ionized substance furnishes 
more ions than an equivalent, quantity (§115) of a less highly 
ionized substance. It, accordingly reacts more rapnlli / and more 
completely (§217) with other substances. In other words, it is 
more active. Review §§ l(Kl, 107, 109. 

Acids and bases differ widely in their degree of ionization; but 
almost all salts, with few exceptions, are very largely ionized, 
regardless of whether the acids from which they are formed are 
active or inactive. 

DEGREE OF DISSOCIATION IN N/10 SOLUTION 

About 90 per cent. Active acids: HOI, lllir, 111, UNO.,, IIClOj, IIC10 4 , 

H a S() 4 ,* !I,CrO,.* 

Active bases: NaOI 1, KOI I. 

About 80 per cent. Bn(OH) 2 . 

65 per cent to 85 jx>r cent. Mnsi salts, f 

20 per cent to 45 per cent. Fairly active aciils: IIjP0 4 ,* 1I 3 As0 4) * II 2 S0 3| * 

II.C,() 4 .* 

1 percent to 10 per cent. Sliqhth/ active aciils and bases: IIN0 2 , HF, 

hcJra, niloii. 

less than 0.2 per cent. IIjS,* II 2 CO:i.* 

Less than 0.01 jiercent. IlBOj, 11 As0 2 , 11CN. 

* This refers to the first, (and most, complete) stage of ionization of the given 
acid (§ 255). 

t The freezing point, and conductivity methods arc often in poor agree¬ 
ment concerning the degree of dissociation of salts, especially with somewhat 
concentrated solutions. Some recent work shows that many salts an* very 
largely or perhaps completely dissociated even in concentrated solutions. 
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260. Electronic Explanation of Ionization.—Review §§ 125, 174. The 
modern view of the structure of atoms helps us to understand why certain 
substances, when heated or dissolved, are so easily dissociated into ions. 
Every atom is presumed to contain a number of external electrons (§ IKS) 
equal to its atomic number—two for helium, eight for oxygen, twenty-six for 
iron, and so forth. Chemical reactions are presumed to consist, in the transfer 
of electrons from one atom to another, or in the association of atoms in such a 
way as to share certain electrons in common (Figs. 5(1, 57). 
i Now in the case of the inert gases of (Iroup 0 these external electrons are of 1 
the proper number to form stable groups of 2, 8, 18, or 32 (§ 174); and are 
accordingly not readily removed or transferred to the atoms of other elements. 
The inert gases thus enter into no chemical reactions whatever. 

But every atom of an element of Group IA has one more electron than an 
atom of the preceding element of Group 0, and thus one electron too many to 
make a si able grouping. This extra electron (or unit negative charge) is readily 
lost, leaving the atom with a unit excess of positive electricity. Thus the 
electrically neutral sodium atom, Na, becomes the positive sodium ion, Na + . 
Representing an electron by the symbol c, the process would lie formulated: 

Na —* Na++r. 


An atom of an element in Group 1TA tends to lose tw T o electrons, to revert 
to the stable electronic structure of an atom in Group 0. Thus we have the 
divalent positive ions, Mg++, Ca ++ , etc. Similarly an atom of an element in 
Group II1A, by loss of three electrons, tends to form a trivalent ion, such as 
A1+++. 

Atoms of elements still further to the right may in many cases lose a corre¬ 
spondingly greater number of electrons and form positive ions of correspond¬ 
ingly higher valence. But among the heavy metals, in the middle part of the 
table it is often possible to reach a stable arrangement without going all the 
way back to Group 0. Thus iron, in Group VIII, forms Fo"* + , Fe+++, but no 
oetavalent positive ions. Atoms of many heavy metals (such as Gr and Mn) 
also tend to associate, themselves with oxygen and other non-metals, by sharing 
electrons (§ 189), to form lion-metallic radicals or ions. 

Atoms of elements toward the extreme right of the periodic table tend to 
gain electrons in sufficient number to form stable groupings. Thus an atom 
of sulfur, »S, atomic number lti, by gaining two becomes a sulfide ion, S ; 
and an atom of chlorine, (31, atomic number 17, by gaining one, becomes a 
chloride ion Cl - . Both of these ions have* the stable grouping of 18 electrons 
characteristic of the next element (argon) of Group 0. 

Now when we dissolve sodium 
chloride in water, we. can see why 
the salt is nearly completely ionized 
Each sodium atom lias one more 
electron and each chlorine atom one 
less electron than it needs to make 
a stable grouping. This electron 
accordingly shifts across, from sod¬ 
ium to chlorine, and w r e have Na+ 
and Cl '. Those ions have something 
of the stable structure', and conse¬ 
quent chemical inertness, of atoms 

of the elements of Group 0. Thus they remain uncombined with each other, 
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and aro free to move off in opposite directions, if an electric current is passed 
through the solution. 

To summarize: Atoms of metals tend to lose electrons, thus 
forming positive ions; and atoms of non-metals to gain electrons, 
thus forming negative ions. The electrons that remain are thus 
enabled to fall into a more stable grouping, very frequently that of 
an element of Group 0. 

261. Some Difficulties Discussed.— 

1. Why do dissolved salts become ionized and what is the source 
of the electrical charges of the ions? 

If it is a crystal of XaCl which dissolves to form a solution, 
each sodium atom in the original crystal has probably lost an 
electron to a neighboring chlorine atom. Thus the sodium atom 
has become positively charged, and the chlorine atom negatively 
charged. In other words the ions Na + and Cl~ are already 
present in the crystal. 

Similar remarks apply to other salts. The difficulty is not 
how ions are formed when certain substances dissolve in water, 
but why ions are not formed when electrolytes are vaporized or 
dissolved in all solvents whatever. At present we have no very 
complete or satisfying answer. 

2. 7 low can two oppositely charged substances remain side by 
side in solution without neutralizing each other? 

Because they could only lost* their charges by transfer of an 
electron from (1“ to Na^ ( —a process which would require energy, 
since it would destroy the stable grouping of electrons (§ 189) 
already present in each ion. 

3. / low cun an electrical charge on each atom deprive chlorine of its 
green color? 

AYe do not know in detail. But if changes in valence are due 
to loss or gain of electrons by individual atoms (§ 133) then color 
must be dependent in some way on the electrical properties of 
atoms. For solutions of ferrous salts (Fe ++ ) are almost uniformly 
greenish and those of ferric salts (Fe + + + ) almost uniformly brown; 
while solutions of cuprous salts (Cu + ) are colorless, and those 
of cupric salts (Cu ++ ) blue. 

4. How can Na + remain dissolved in water , without reacting 
with it to liberate hydrogen? 

Metallic sodium is so reactive because of its tendency to trans- 



284 


IONS AND ELECTRONS 


for electrons to the hydrogen ions of water, transforming the latter 
into hydrogen atoms: 

Na loses one electron to form Na + . 

1I + gains this electron and becomes H. 

Then 211 unite to form Ilg. 

But the Na } , formed by dissolving NaCI, has already parted 
with this electron, and is accordingly without effect on water. 1 

262. Summary. 


THE IONIC THEORY 


Facts Supporting Theory 

1. Acids, bases, and sails, in solution, 
readily exchange atoms or 
groups of atoms. 


Interpretation of these Fads 

1. Molecules of acids, bases, and 
salts easily decomposed into 
smaller fragments. 


2. Freezing points of aqueous solu¬ 

tions of acids, bases, and salts 
unexpectedly low. 

3. Aqueous solutions of acids, base's, 

and salts conduct the' electric cur¬ 
rent . 

4. Metals migrate toward veyutirr, 

electrode (cathode; during elec¬ 
trolysis. 

5. Non-metals migrate toward posi- 

itive, electrode (anode) during 
electrolysis. 

6. Quantity of electricity needed 1o 

separate* a gram-atom of any ele¬ 
ment proportional to its valence 
(Faraday’s Law). 

7. Solutions of acids, bases, and salts, 

in a few other solvents than 
water, conduct the electric cur¬ 
rent. 

8. Molten salts and alkalies conduct. 


2. A 11 unexpectedly large nutimer of 

dissolved particles present. 
Many molecules broken up, by 
dissolving them, forming ions 

3. Ions carry electric charges. 

4. Metallic : oiis (cations) curry pos¬ 

it/re charges. 

5. Non-metallic ions (anions) carry 

negative charges. 

0. Charge on each ion proportional 
to valence of corresponding ele¬ 
ment or group. 

7. Water not the only solvent capa¬ 

ble of dissociating molecules into 
ions. 

8. Heat, dissociates certain molecules 

into ions. 


General Statement of Ionic Theory. -Molecules of acids, bases 
anti salts, when dissolved in water-- or in any one of a few other 
(polar) solvents arc? in part dissociated into electrically charged 
fragments of molecules, called ions. These have- all the properties 
of ordinary molecules, and in addition certain special properties 
due to their electrical charges. 

Some Typical Cases of Ionization .— Ionization (or electrolytic 
dissociation) may always be formulated as a reversible reaction. 


A1 2 (S0 4 )3^2A1+ ++ +3S04--, 
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All acids yield H + ions. 

All bases yield OH - ions. 

Degree of Dissociation ..—Defined as the fractional part of the 
molecules in a solution dissociated into ions. 

Measured— 

(a) By comparing the freezing-point lowering with that pro¬ 

duced by the same weight of the same substance, when 
completely dissociated. 

(6) By comparing the electrical conductivity with the maxi¬ 
mum conductivity given by the same weight of elec¬ 
trolyte in a very dilute solution. 

Found to be— 

(o) Greatest for salts, active acids, and active bases. 

(b) Least for comparatively inactive acids and bases. 
Electronic Explanation of Ionization. Metallic atoms tend to 

lose electrons and become positively charged. 

Non-metallic atoms tend to gain electrons and become nega¬ 
tively charged. 

Applications.— Summarized in § 277. 


EXERCISES 

1. Define and illustrate: electrolyte, electrolytic dissociation, aqueous 
solution, molar solution, normal solution, degree of dissociation. 

2. From the following data calculate the degree of dissociation of each 
substance in solutions of the concentration given: 


Acetone, (CJIIj)jCO . 

Potassium chloridi. 

Barium chloride. 

Potassium ferrieyanide (§ 250). . 


Grams jier liter. 


5 S5I 
0 7002 

2 OS 

3 41 


Lowering of 
Freezing-point,. 


0 1S75 
0 03074 
0 05 
0 0010 


3. Explain the relationship .veen conductivity and degree of dissocia¬ 
tion. • 

4. Write equations to represent the electrolytic dissociation of hydro¬ 
cyanic acid, nitric acid, ammonium hydroxide, ammonium sulfate, indicating 
which of the two conqHtncnt reactions predominates in each ease. 

5. What, reaction does an aqueous solution of sodium fluoride have toward 
litmus? What does this show concerning the relative degrees of dissociation 
of NaOH and IIF? 
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6. Formulate the electrolytic dissociation of orthophosphoric acid in three 
stages. 

7. Which of the following are clcctrolytically dissociated when dissolved 
in water? Formulate. 

Nitric acid, a'cohol, lead chlorate, nitrogen, aluminum chloride, hydrogen 
gas, chlorine gas, potassium hydroxide, cane sugar. 

8. Formulate the electrolytic dissociation of each of the following, indi¬ 
cating the relative completeness of the dissociation in the usual way: hydrogen 
sulfide, ferrous bromide, carbonic acid, sodium carbonate. 

9. In the case of a solution of potassium nitrate in water, what are the 
principal reasons for believing: that the molecules of solute are largely dis¬ 
sociated into fragments of molecules; that, these fragments are electrically 
charged. 

10. State several respects in which a solution of bromine differs in its prop¬ 
erties from one of bromide-ion. One of hydrogen gas from one of hydrogen- 
ion. 

11- Distinguish between a test for chlorine and a test, ior chloride-ion, 

12. Show that the generalization of § 199 is equivalent to the statement: 
When chlorine serves as an oxidizing agent it is changed to ehloridc-ior 

Fh Write names and formulas of the avions furnished by aeids of § 103, 
and the rat anas furnished by the bases of § 107. 
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263. Properties of Dissolved Electrolytes are Properties of 
Ions. —The sour taste of the most active acids, and their effect on 
indicators are properties of hydrogen-ion,* Il + , which all acids 
furnish when dissolved in water. Similarly, the properties com¬ 
mon to all bases are those of hydroxyl-ion, Oil - . The differences 
in degree of activity among acids and bases arc ascribed to dif¬ 
ferences in the degree of completeness with which they are dis¬ 
sociated into ions when dissolved in water (§ 259). Again, hydro¬ 
chloric acid and all metallic chlorides yield a precipitate with silver 
salts (§ 180) because they all furnish chloride-ion, Cl - , which by 
union with silver-ion, Ag + , forms molecules of silver chloride; and 
sulfuric acid and all metallic sulfates yield a precipitate with barium 
salts because* they all furnish sulfate-ion, SO4" , which by union 
with barium-ion, Ba + + , forms molecules of barium sulfate. Thus 
the properties of dissolved electrolytes are in general properties of 
ions; and the tests applied in analytical chemistry for the identi¬ 
fication of different classes of dissolved electrolytes are really 
tests for the different kinds of ions which these electrolytes furnish. 
Silver-ion, Ag + , serves as a test for chloride-ion, Cl - ; barium-ion, 
Ra ++ , as a test for sulfate-ion, SO 4 ; and conversely. 

264. Ionic Formulation of Double Decomposition. —Review 
§ 129. When potassium nil rate and sodium chloride are dissolved 
separately in water, they are both very largely dissociated into ions 
(reactions a, b) : 

a 

KNOa^K 4 + NOT 

+ + 

b 

* Nad ** d" + Na + 
e Ti c / ti d 
Kd NaNOi 

* Hydrogen-ion (written with a hyphen') is a substance (§■()); hydrogen ions 
arc the individual, electrically charged particles that compose it. 

2S7 
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On mixing tho two solutions, there is a chance for cross-combina¬ 
tion (c, d) among the four kinds of ions. But actually very little 
happens ( c and d are dotted arrows) because the anticipated 
products, KOI and NaNOy, have about as great a tendency (c, /) as 
the original pair of salts to remain in the form of ions. The absence 
of any noteworthy reaction is also indicated by the fact that there 
is no appreciable liberation or absorption of heat when the two solu¬ 
tions are mixed. 

In general: Double decomposition between dissolved elec¬ 
trolytes fails to occur when both the expected products are largely 
ionized and freely soluble. 

266. Ionic Formulation of Precipitation. —If one of tho expected 
products is slightly soluble something happens. If we take solu¬ 
tions of silver nitrate and sodium chloride, each substance is largely 
ionized (reactions a, b) before the solutions are mixed. On mixing 
there is opportunity for cross-combination (c, d). 

a 

AgN() ; , Ag + + NOT 
+ *b 

b 

NaC'l TP + Na + 
u c Ti d 

AgOl NaN0 3 

l Dissolved) 

Tl <’ 

Agn 

(Prceipiiated) 

But note especially that Na 4 and NO.r do not unite to any very 
considerable extent (react,ion d) because NuNO.$ is about as com¬ 
pletely ionized as the original pair of salts. But reaction c becomes 
practically complete, because AgOl is very slightly soluble, and is 
removed by precipitation (reaction c) almost, as fast as formed (§ 08) 
Thus practically the only chemical change taking place is: 

Ag + -+-C1 - —» AgCl (mostly precipitated). 

The double decomposition has turned out to be a case of direct 
union, and no exchange of atoms (§ 118-4) at all. 

But note that a very small amount of silver chloride—about 
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1.6 mg. per liter—still remains dissolved at the end of the precip¬ 
itation, and practically all as ions, Ag + and Cl - . 

266. How to Make a Precipitation as Complete as Possible.— 
If we add a dilute solution of sodium sulfate to one of calcium 
chloride, a precipitate 1 of calcium sulfa 1c is formed: 


Na 2 SQ 4 ^ 2 Na + + S0 4 -- 
+ T 

CaCl 2 ^2Cl - + Ca + + 

Ti i; a 
2 NaCl CaS0 4 

(DlSKulvoiI) 

11 * 

C'aS() 4 

(Precipitated) 


But 0aS0 4 is much more soluble than the precipitate (AgCl) 
considered in § 26."). In fact, a liter of pure water may be made to 
dissolve about 2 g. of CaS() 4 ; mostly, of course, as Ca ++ and 
S () 4 ions. Accordingly the precipitation of CaS(.) 4 , as formu¬ 
lated above, is commonly not quite complete. But it may be 
made more nearly complete by adding to the solution an excess of 
N:i 2 S() 4 , which would bring into the reaction extra R0 4 -- ions; 
or by adding an excess of CaCl 2 , which would bring in extra Ca + + 
ions. In either case reaction a would be favored (Law of Mass 
Action, § 217) resulting in an accumulation of (’aS () 4 molecules in 
a solution already saturated with respect to that salt. The result 
is a slight additional precipitation of CaS () 4 crystals (reaction b) 
Thus, in general: To make a precipitation as complete as pos¬ 
sible, it is necessary to add a slight excess of one of the ions 
concerned in the formation of the precipitate. Usually an excess 
amounting to a few drops of the precipitating solution will be 
sufficient. Any very large excess should usually be avoided, for 
reasons to be discussed later (§ .536). 


Give an ionic formulation of the interaction of ammonium iodate and silver 
nitrate, to produce a precipitate of silver iodate. Indicate two different ways 
of causing this precipitation to become more complete. 

Name two ions, either of which is capable of decreasing the solubility of the 
slightly soluble substance, CaCUb, in pure water. Name several salts, any 
one of which would cause some solid calcium oxalate to sejxirate when added 
to a saturated solution of that salt. 
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267. The Ionization of Water.— Water that lias been very 
carefully purified by repeated distillations proves to be a fairly 
good insulator. But it does let, some current through, in spite of all 
attempts to free it from traces of dissolved substances. The con¬ 
clusion is that water is itself dissociated to a very slight extent, 
yielding hydrogen ions, H + , and hydroxyl ions, OH~. 

Measurements of the conductivity of the purest water ever 
obtained indicate that at room temperatures it contains only 1 
gram-ion ( = 1.008 g.) of II + and 1 gram-ion (=17.008 g.) of OII“ 
in ten million liters! From this we may calculate that only about 
one molecule of water in 500 , 000,000 is dissociated into ions at 
ordinary temperatures. 

These II + and OH - ions, few as they are, are of great impor¬ 
tance. For they appear to be responsible for numerous react ions 
of practical interest (§ 113) in which water plays a part. With¬ 
out them, water would probably be as inactive chemically as 
benzene. 

It is important to remember that in terms of the ionic theory a 
neutral solution is one containing H + and OH" ions in the same 
concentration as in water—one ten-millionth (= io~ 7 ) gram-ions of 
each in 1 liter. An acid solution contains an excess of hydrogen- 
ion (H + ); and an alkaline solution an excess of hydroxyl-ion 
(OH - ). But note that OH“ ions are not altogether absent in an 
acid solution, nor H + ions in an alkaline solution. As the con¬ 
centration of II + increases, that of OH “ must decrease, and 
vice versa , the product of the two concentrations remaining the 
same as in pure water (in which it is 10~ 7 X 10~ 7 = 10“ ,4 J. 

Thus, a solution of N/100 acid (§ 177), assumed to be completely ionized, 
contains 1/100 = 10 -2 g.-ions of H + per liter. The concentration of Oil is 
therefore 10“ 12 . 

268. Neutralization. —Review §§ 112 and 207. From the 
point of view of the ionic theory, an acid is anything that can fur¬ 
nish H + ions, and a base anything that can furnish OH - ions, 
when dissolved in water. A few substances cun ionize in two dif¬ 
ferent ways, furnishing either II + or Oil", as occasion may demand 
(§ 473). ~ 

If HC1 and NaOII are dissolved separately in water to make 
dilute solutions, each substance is very largely dissociated into 
ions (reactions a and b ): 
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a 


HC1 <rt H+ 

+ 

CP 

+ 


+ 

h 

NaOII 5 =± OII- 

+ 

Na+ 

11 d 


T! c 

non 


NaCl 


When the two solutions sire mixed, a very few Na 4 and CP 
ions unite to form NaCI molecules (reaction c ); for NaCl is about 
as completely ionized in dilute solution as the original acid and 
base. Water is blit slightly ionized; hence nearly all the II + and 
OH ions unite to form molecules of water (reaction d). The 
removal of these ions favors reactions a and b, already almost com¬ 
plete;. Thus, if acid and bast; art; employed in etjuivalent quan¬ 
tities, the solution in the end will containonlvHOII, Na + , and Cl~, 
with a very small amount of undissociated NaCl molecules. 

Thus, from the point of view of the ionic theory, neutralization 
consists in the union of H * ions from an acid with OH~ions from a 
base, to form molecules of water. The other ions furnished by the 
acid or base CP anti Na+, in the illustration above— remain for 
the most part uncombined. 

Give at) ionic formulation of the neutralization of acetic acid by ammo¬ 
nium hydroxide Explain why the neutralization is almost complete, in spite, 
tif the fact, that both these substances are but slightly ionized when dis¬ 
solved in water. 

269. Hydrolysis.- Review $§ 113, 111. A solution of sodium 
fluoride in water reacts alkaline toward litmus. We have explained 
this by saying that although NaOlI and 11F are produced by the 
hydrolysis of this salt in equal amounts, still the former, being the 
more active , has the predominating effect on litmus. 

But with the help of the ionic theory we are able to explain 
why only the salts of inactive or insoluble acids or bases are 
hydrolyzed; and why a solution of a partially hydrolyzed salt 
may react acid toward one indicator and alkaline toward 
another. 

Let us take sodium fluoride for our example. This, being a 
salt,, is almost completely ionized (reaction n) into Na + and F~. 
The water itself furnishes a very few 11+ and Oil - ions (reaction 6). 
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The four ionic products then interact (reactions c and d) giving a 
final result which may be formulated: 

a 

N;i r ^ Nn+ + F~ 

+ + 

b 

non <-> on- + ii+ 

Ti c T1 d 

NaOlI 11F 


Since NaOII is an active (Largely ionized) base, equilibrium can 
be established without withdrawing many Oil - ions, in reaction c, 
to form NaOII molecules. But HF is a slightly active (slightly 
dissociated) acid. Accordingly, a good many 11+ ions are with¬ 
drawn, in reaction d, to form IIF molecules, before equilibrium 
can be established. 

But since II f and OH - are furnished in equal quantities by 
reaction b, it is plain that the withdrawal of the comparatively 
large quantity of Il + in reaction d will lea-ve the solution with an 
excess of Oil - . In other words, a solution formed by dissolving 
NaF in water reacts alLalinc. 


In tl ic contrary case, with such a salt as ammonium chloride, the Ivinc being 
inactive and tJic acid actne, there remains in tlx* end an excess of il+ over 
OH - ions, and the solution reacts and, toward sufficiently sensitive indicators. 
Give the detailed formulation. 


In general: Hydrolysis consists in the union of the ions of a 
dissolved salt with unequal quantities of the H + or OH - ions of 
water, to form molecules of an inactive acid or base. 

Any salt derived from an acid or base of very different degree of 
activity will furnish a slightly alkaline or acid solution when dis¬ 
solved in water. 

Write ionic formulations for one example of each of the four types of salts 
listed in § 117, and explain the effect of the solution on indicators. 

270. Four Cases in Which Double Decomposition is Com¬ 
plete. —Review § 136. We have learned that‘double d( compo¬ 
sition between dissolved electrolyte's is complete whenever— 

1. A precipitate is formed. Such a reaction involves a direct 
union of ions to form molecules of a slightly soluble substance. 

Ag + + Cl~ —> AgCl (precipitated) §265. 
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2. A gas is evolved. 

Thus, when ji solution of sodium chloride is evaporated with 
an excess of dilute; sulfuric acid, we have: 


II2SO4 II+ + IISO4- 

+ + 

b 

NaCl *?- Cl- + Na+ 

c ti c Ti d 

HC1 NaIIS0 4 

(I Vf‘<J) 

u 

IIC1 

(Ci:ifO 

Reaction c here becomes nearly complete because the ITC1 mole¬ 
cules produced are; for the most part vaporized with the evap¬ 
orating water. But if the evaporation is discontinued before 
NallSOj begins to crystallize out, a fair amount of 11C1 does 
remain dissolved; and since most of it is present as ions rather 
than as molecules, reaction c is represented by a dotted arrow, and 
c by a heavy one. 

The principal chemical change in this reaction is direct union: 

II + -f-Cl - —> TTC1 (expelled as a gas). 

3. A slighthf active acid or base is formed. 

When hydrochloric acid is added to a solution of sodium acetate, 
it is almost completely converted into acetic acid. The reaction is 
direct union of hydrogen-ion from the hydrochloric acid with 
acetate-ion from the sodium acetate: 

Il + H-tblbOj- -> IICjlhA,. 

Formulate this in detail, as in the preceding ease, taking care to distinguish 
degrees of ionization by dotted and heavy arrows. 

4. An active acid neutralizes an active base. 

This again is^t direct union , 

II++OII- —> IIOII (§ 268). 

Ik may be asked why direct union of II + and Oil - to form mole¬ 
cules of water is not always complete, whether the acid and base 
concerned are active or inactive. The answer is that the neu- 
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trail'zation is carried out in aqueous solution, in the presence of a 
huge excess of water, which favors the reverse reaction—hydrolysis 
(Law of Mass Action, § 217). Only if the acid and base con¬ 
cerned are both relatively active, or if the reaction is carried out. in 
some other solvent than water, is neutralization practically com¬ 
plete, and hydrolysis practically absent. 

To summarize: A reaction of double decomposition between 
dissolved electrolytes is practically complete only when a precipi¬ 
tate, gas, or slightly ionized substance is formed, or when water 
is produced by the action of an active acid on an active base. 

The principal chemical change in double decomposition always 
consists in the direct union of ions to form molecules of a precipi¬ 
tated or slightly ionized substance. 


271. Why Indicators Change Color.—The two different colors shown by an 
indicator correspond to two different arrangements of atoms within its mole¬ 
cule. One of the two forms appears always to have the nature of an inactive 
acid or base; that is, it. dissociates to a very slight e\1cnt, furnishing II * or 
Oil - ions. The cither form is m comparison nmcnrnllij non-mtuznl. 

If we represent the non-ionized form of an indicator-acid (such as phenolph- 
thalein) by (IIX) and the ionized form by II.X the equilibrium existing in a 
solution of the indicator in water may be formulaled. 

h 

(IIX) 1I.X + X- 


Ioiu, iif mdiratiir 
nalt 

(Obtained in (Obtained in 

acid Niilutinii) alkaline Milution) 

It is plain that adding a base to a solution containing the indicator will remove 
II + , and thus favor reaction a. The decrease in the concentration of II.X 
will then favor reaction b. Thus in the end, praclically all the (IIX) will dis¬ 
appear, and the solution will show the color characteristic of the ions, X , of 
the indicator salt. Hut. the addition of an acid, i.e., II + , to the solution favors 
the reverse reactions, c and d, and causes both X and II.X largely to disappear. 
The solution then shows the color characteristic of the non-ionized form, (IIX). 

The actual concentration of hydrogen-ion, IP, which must be present in 
order to cause a change in color will of course depend on whether a solution of 
the indicator in pure water is predominantly (IIX) or II.X, on the activity 
(i.e., tendency to ionize) of II.X, and on the relative intensities of the two 
colors. 

Each given indicator changes color in the presence of a def¬ 
inite slight excess of acid or base, and commonly not in a precisely 
neutral solution. 

272. Choice of Indicators.—It is common to think of indica¬ 
tors, in a hazy sort of way, as substances having one color in an 
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acid and another in an alkaline solution. This has served well 
enough for a preliminary definition (§ 102; but we have just 
seen that the change in color does not occur when the solution is 
precisely neutral. 

An indicator should actually change color when acid and base 
have been brought, together in chemically equivalent quantities— 
one gram-equivalent of acid for one gram-equivalent of base. • 
But the solution thus obtained will not be strictly neutral unless 
both arid and base me of the same activity (§ 114). Thus, on neu¬ 
tralizing chemically equivalent, quantities of NaOH and HF, 
the solution of NaF obtained still reacts alkaline to litmus, due 
to hydrolysis (§ 209). If the titration were continued until the 
solution became neutral to litmus ice should have loo much acid. 

Three different types of indicators must thus be used, in very 
careful work, according to the relative activities of acid and base: 

1 . Active acid and inactive base. Use an indicator which 
changes color when the solution has a slight, excess of 11 + over OII - 
ions (a faintly acid solution). Methyl red and methyl orange are 
perhaps the most useful. 

2. Inactive acid and active base. Use an indicator which 
changes color when the solution has a slight excess of Oil - over 
TU ions (a faintly alkaline solution). Phenol phthalein or thymol 
blue. 


;i. Active acid and active base. Use any indicator if OO 2 of 
atmosphere is excluded. Otherwise use one sensitive only to 
active acids and therefore not affected by II 2 CO 3 . Methyl red or 
methyl orange. 

-1. Inactive acid and inactive base. No indicator will give good 
results. 


Hundreds of other indicators are known. The most useful of these are 
artificial organic substances, of complex composition. But in the early days 
of chemistry a number of rather inferior natural indicators were pressed into 
service: the juice of red cabbage leaves, coffee, or alcoholic extracts of colored 
blossoms or the cochineal insect of Central America. Litmus—furnished by 
a species of lichen—is still in general use, but is too variable in quality to 
deserve consideration in the most accurate work. 

273. Total, Momentary, and Reserve Acidity.—A liter of 
N /10 hydrochloric acid is chemically equivalent to a liter of N/10 
acetic acid, in the sense that each will neutralize the same quan¬ 
tity of a base. This is expressed by saying that equal volumes of 
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N 'io hydrochloric acid and N io acetic acid have the same total 
acidity. 

Total acidity is determined by the total amount, of replaceable 
hydrogen in the solution, as acid molecules and hydrogen ions. 


The total acidity of a solution can bo measured by titrating the solution 
with a base* (§ 115); for, as the 11 1 ions of the acid an* removed to combine with 
the OH - ions of the base, other H + ions art* formed to take their place, by the 
dissociation of acid molecules. Thus m the end both 11 + ions and acid mole¬ 
cules disappear. 


2 . There tiro several respects, however, in which hydrochloric 
acid and acetic acid an* far from interchangeable, (y) If the solu¬ 
tions are of the same concentration (say both N 100) the hydro- 



Fig. 68.—Determination of momentary 
acidity, or hydrogen-ion concentration, 
with a hydrogen electrode The hy¬ 
drogen electrode, P, consists of a sheet 
of gold or platinum, coated with finely 
divided platinum or palladium, which 
is saturated with hydrogen gas. When 
this is connected with a “calomel elec¬ 
trode” (C) an electric current tends to 
flow, the intensity (electromotive force) 
of which depends on Hie hydrogen-ion 
concentration of the solution into which 
the hydrogen electrode dips. Sec text¬ 
books of Physical Chemistry. 


chloric acid will have a 
sourer taste. If the two 
acids compete for a limited 
quantity of a base or a metal, 
the hydrochloric* acid wins, 
and leaves most of the acetic* 
acid uncombined. (b) A solu¬ 
tion of hydrochloric acid is a 
much better conductor of the 
electric current Hum acetic 
acid, and (r) a much better 
catalytic agent in certain re¬ 
actions to be* studied here¬ 
after (§ 366). 

These facts arc explained 
bv saying that such charac¬ 
teristically acid properties as 
sour taste or chemical ac¬ 
tivity in uniting with bases 
or metals, are due to H + ions 
rather than to acid molecules 
(§ 263). Thus the concentra¬ 
tion of the hydrogen ions in a 
solution measures what has 
been called its momentary 
acidity. 


Momentary aridity may be estimated roughly by the sourness of a solu¬ 
tion. Strawberry juiee tastes sourer than tomat m juice because it has a greater 
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momentary acidity. Rut titration with a base would show the tomato juice 
to have the greater total acidity. 

Momentary acidity rnav also be estimated by measuring the conductivity 
of the solution (if salts an* absent), but a more accurate and convenient method 
is that, which makes use of the hydrogen electrode. (Fig. 08). 

3. The difference between the total and momentary acidity of a 
solution is called its reserve acidity. Thus, i Ik* differences between 
the proper! ies of the two acids we have just discussed may be sum¬ 
marized as follows: 


HOI 

^ II 4 + 01-; 

Low 

i iiirh 

KwriT 

imiiin'iitiii y 

iii-iility 

acirlitj 

II(bII:i 0 2 

** 11+ + C2H3O2-; 

iinrh 

Low 

r<‘si>i vc 

ln.jMiciil arv 

nci'lity 

in ulily 


when the total acidities are equal. 

274. Repression of Ionization by a Common Ion.— Acetic acid 
is but slightly dissociated (reaction a) even in dilute solution: 

a 

IK’-llaOj ^ H++C 2 HaO.-. 
b 


By adding sodium acetate—which, like nearly all other salts, 
is very completely ionized to an acetic acid solution, we bring 
into the latter a large extra supply of acetate-ion, CiJl 3 () 2 “. The 
result of this, by the Law of Mass Action (§ 217) is to favor reac¬ 
tion b in the equilibrium formulated above. Thus, the small 
momentary acidity (II 4 ) of the acetic acid is still further decreased, 
and its reserve acidity (IKVIIuO:?) further increased, while the total 
acidity remains practically unchanged. A tenth-normal solution 
of acetic acid, by the addition of a little sodium acetate, may have 
its momentary acidity so far reduced its actually to become alkaline 
to such an indicator its methyl orange; while its total acidity, as 
measured by the alkali which it can neutralize in titration, remains 
practically as Iargb as before. 

The same principle may be applied in many other cases: The 

degree of ionization of any inactive acid or base is always decreased 
by the addition of salts having an ion in common with itself — 

acetates to acetic acid; carbonates to carbonic acid, etc. 
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This important principle finds many applications in analytical 
chemistry, when it is desired to prepare a solution of a definite 
but limited 11+ or Oil~ concentration. The degree of ionization 
of an active acid or base, such as HC1 or NaOII, is not appreciably 
affected by the addition of any of its salts. 

276.-Buffer Salts and their Practical Applications.—It can be 
shown that sodium acetate not only decreases the II + concen¬ 
tration of acetic acid but stabilizes it, protecting it to some extent 
against alterations due to addition of alkalies or to dilution. Salts 
which tend to hold the H + or OH - concentration of a solution to 
a definite value are called buffer salts. Acid solutions are buf¬ 
fered with salts of inactive acids (NaCalMh? or NaslIPO-i), basic 
solutions by salts of inactive bases (NIljC'l). 

Buffer salts play a very important role in nature. Most >f the 
juices of ordinary fruits and vegetables have a definite, though 
slight, acidity, which is held very constant by the action of buffer 
salts contained in the juices. 

The blood has a definite, though very faint, alkalinity, which it 
maintains with the greatest precision, in part through the action of 
buffer salts. Solutions to be injected intravenously by physicians 
must be properly buffered before being heated in an autoclave to 
sterilize them. 


Pure cultures of acid-resisting forms of yeast are cultivated in 
solutions buffered to a definite acidity. Taint acidity, properly 
buffered, may also be used to supplement, heat, as a means of steri¬ 


lization. 


276. The Hydrogen-Ion Index.—It is customary to express 
extremely faint acidities and alkalinities in pH-values, sometimes 
called hydrogen-ion indexes. The ydl-value of a solution is the 
logarithm of the number of liters that must be taken to contain one 
gram-ion of hydrogen. In the ease of pure water, this is ten 
million liters (§ 207). But log 10,000,000=7. Accordingly, the 
pll-value of water or any neutral solution is 7. Acid solutions 
have a pH-value less than 7; and alkaline solutions greater than 7. 
Thus, the pH-value of normal human blood is 7*5. 


N 

What is the />I1-value of acid, assuming it to he completely ionized? 
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277. Summary. 


APPLICATIONS OF THE IONIC THEORY 
Properties of solutions of electrolytes are properties of ions. 

Double Decomposition. 

Incomplete when expected products are both freely soluble and 
largely ionized (§ 204). 

Complete when a precipitate, gas, or slightly ionized substance 
is formed, or wnen an active acid neutralizes an active base (§ 270). 

Consists in the direct union of ions to form molecules of the 
slightly soluble or slightly ionized substance. 


Precipitation. 

One of the four cases of complete double decomposition. In 
the case of appreciably soluble salts, precipitation becomes more 
nearly complete in the presence of an excess of one of the two ions 
concerned in the formation of the molecules of precipitate. 


Ionization of Water. 

About, one molecule of water in f>()0,000,000 dissociated into 
11 f and Oil at ordinary temperatures (§ 2(17). 


Neutralization. 

Consists in the union of II + and Oil - ions to form molecules of 
water (§ 20N). 


Hydrolysis. 

Consists in the unequal withdrawal of the II + and Oil - ions of 
water to form molecules of a slightly dissociated acid or base 
(§209). 

This effect determines the choice of an indicator (§ 272). 


Total, Momentary, and Reserve Acidity (§ 273). 


1 . Total aciditi/ is measured by total replaceable hydrogen in 
II f ions and acid molecules. Determined by titration with a 
base. 
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2. Momentary acidity (= hydrogen-ion concentration) is meas¬ 
ured by II + ions present in the solution at any moment in equi¬ 
librium with undissociated acid molecules. 

Determined by hydrogen electrode. 

3. Reserve acidity is the difference between total and momentary 

acidity. t 

Buffer Salts. 

Salts containing an ion in common with the given slightly active 
acid: 

1 . Decrease the hydrogen-ion concentration of the acid solu¬ 
tion (§ 274). 

2. Buffer, or protect, it. against, the influence of slight amounts of 
alkali (§275). 

Process of Dissolving a Metal in an Acid. 

Consists in the transfer of electrons from the metallic atoms to 
hydrogen ions of the solution (§ 270). 

Complex Ions (to be discussed in §§ 421, 535, 530, 513, 544). 
Primary cells (§ 425). 

Electrolysis (§§ 420, 427). 


EXERCISES 

1. Clive a complete ionic formulation of the formation of calcium oxalate 
(insoluble; by a double decomposition between two soluble salts. 

2. Give a complete ionic formulation of a double decomposition between 
lead acetate and potassium iodide, precipitating lead iodide. 

8. Give an ionic formulation to explain why a solution of ferric chloride 
turns blue litmus red. 

4. How many milligrams of hydrogen-ion in a liter of pure water at IS 1 ' ('.? 
How many milligram-equivalents? 

5. Explain how the relative activities of acids and bayes may be determined 
from the reactions of salt solutions toward indicators. 

0. Mention two other methods for determining relative activity. 

7. Give an ionic formulation to explain the reaction of a solution of sodium 
carbonate toward litmus. 

S. Estimate the approximate hydrogen-ion concentrations, in gram- 

equivalents per liter, of each of the following; pure water; normal NaCl; 
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N/10 acetic, acid, assumed 1 per cent ionized; N/1000 NaOH, assumed com¬ 
pletely ionized; ION Il.S0 4 , assumed 50 per cent ionized (first, stage) and 10 
per cent ionized (second stage); N/1000 HC1, assumed completely ionized. 

1). What is the ;dl value of each of the solutions just mentioned? 

10. Estimate, roughly, the total, momentary, and reserve alkalinities, in 
gram-ions of OH ~ per liter, of a N/10 solution of NH 4 0I1. 

11. Explain why different indicators are needed in the titration of different 
acids, (live, tins general rules which determine a choice in any particular 
case. 

12. State which class of indicators you would use in each of the following 
titrations, and why: 

H_.SO4.and NH 4 OII; 

11 2 S and KOH; 

NON and ItatOll).,; 

HI and CollifNIl™) (a very slightly active base.) 

13. TIow would you prepart 1 a buffered solution of definite faint acidity? 
Of definite faint alkalinity? 

1-1. Formulate the electrolytic dissociation of sodium bicarbonate (two 
steps). 

15. (live an ionic formulation of the precipitation of lead acetate by hydro*, 
gen sulfide, indicating approximate degrees of ionization throughout. 

Hi. (live molecular,ionic, and electronic formulations of the process of 
dissolving metallic zinc in hydrochloric acid. 

17. Write the following equations in ionic form: 

NaOH + Hl-II.O+Nal; 

Pb(C 2 H,0,) 2 + Na-Crt >4 - PI>( V( b (msol.) +2NaC .H A; 

2KHr+(3.-2Kn + br.; 

Sn( , l.,+(3., = Sn(M 1 ; 

2CrO; ; +Zn=2Cr(’lH ZnCl,. 

IS. Which of the reactions in the preceding question involve oxidation and 
reduction? Explain each of these as a transfer of electrons. 

19. Write ordinary (molecular) equations to represent the following 
changes: iron dissolves in an acid to form a ferrous salt; a bromide is decom¬ 
posed by sulfuric acid; mercurous bromide is oxidized to mercuric bromide by 
bromine. Rewrite these equations in ionic form, and name the ionic sub¬ 
stances indicated. 
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NITROGEN, AMMONIA, AND AMMONIUM SALTS 

278. Importance of the Chemistry of Nitrogen. —The element 
nitrogen furnishes an excellent illustration of how men and women 
in the most diverse professions find common interests in chemistry. 
The biologist and the physician are interested in nitrogen because 
all the manifold phenomena of metabolism, growth, reproduction, 
and decay involve changes of this element from one state of com¬ 
bination to another. The architect and the civil engineer appre¬ 
ciate that land is cleared, building stones quarried, foundations 
excavated, and tunnels and canals built with the aid of high explo¬ 
sives—all nitrogen compounds. The farmer needs to take account 
of the ways in which the different forms of nitrogen in crops and 
soil are conserved, to win the greatest return from his acres, and 
reserve them for the future in undiminished fertility. 

The electrical engineer should know something about the 
processes by which nitrogen is brought into combination with 
other elements, to form ammonia and nitric acid, in electric fur¬ 
naces; for some of the greatest developments of electrical power 
within the past few years have been in connect ion with these indus¬ 
tries. Finally, the statesman should understand the relation of 
such nitrogen compounds as ammonia, nitric acid, and dyestuffs 
to the national defense; and should support legislation to encour¬ 
age the production of fertilizers from the nitrogen of the atmos¬ 
phere, to aid in supplying foodstuffs for the nation. 

279. Occurrence of Nitrogen.—1. An inexhaustible supply of 
elementary nitrogen is found in the atmosphere, which is about 
three-fourths nitrogen by weight. This amounts to more than 
20,000,000 tons of the element for each square mile of the earth's 
surface. 

2. Great deposits of sodium nitrate and calcium nitrate occur 
in various parts of the world, notably in Chile. 
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The Chilean sodium nitrate beds are over 200 miles long, and average 
2 mik'R wide and 5 ft., thick. Over 50,000,000 tons of this nitrate have been 
exported since the deposit, was discovered, something over a century ago. 
The present exportation is probably more than 2,IKK),000 tons a year. The 
crude material contains 20 to 60 |ier cent NaNOs (often called Chile saltpeter) 
and is recrystallized (§ 07) in great open basins, where evaporation takes 
place by the heat of the sun. 

3. Ammonium salts occur in small deposits in certain of the 
dryer regions of the world, but art' chiefly obtained from the ammo¬ 
nia produced in the destructive distillation of coal (§ 283). 

4. Nitrogen is found in all plant and animal matter, in the gela¬ 
tinous materia 1 (tailed protoplasm, which lines the walls of living 
cells. Nitrogen compounds called proteins (§ 388) make up most 
of the weight of dry meat, and related substances compose gelatin, 
horn, feathers, and hair. 

280. How the Composition of the Atmosphere is Determined.— 

That the atmosphere is a mixture, and not a chemical compound 
at all, is proved by the fact that it varies somewhat in its compo¬ 
sition from place to place and from time to time. 

Its composition by volume may be determined by absorbing 
its different constituents, one after the other, in different chemical 
reagents, measuring the decrease in volume that takes place in each 
case. Carbon dioxide is usually absorbed in potassium hydroxide 
solution, forming potassium carbonate: 


2 KOI I + CO 2 = K 2 OO 3 4 H 2 0. 


Oxygen is often absorbed in an alkaline solution of pyrogallol. The 
reaction is complicated, and cannot be represented by a single 
equation. 

Sticks of yellow phosphorus, in contact, with water, also absorb oxygen. 
The phosphorus is oxidized to phosphorus trioxide and other oxides, which 
then combine with the water. Other good absorbents are solutions of cuprous 
chloride or chromous chloride (CrCl*) in hydrochloric acid, alone or mixed with 
stannous chloride. 

The portion of the air remaining unabsorbed after passing 
through the absorbents for carbon dioxide and oxygen consists, 
for the most part, of nitrogen. Even this may be brought into 
combination by passing the mixture through a tube containing 
heated magnesium turnings. The unabsorbed residue from 
this operation is largely argon. 
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On the average, the composition of dry air is found to be: 

Per Cent Per Cent 
by Volume by Weight. 


Nitrogen. 

77 94 

75.30 

Oxvgen. 

20 95 

23 15 

Argon. 

0 94 

1 30 

Carbon dioxide. 

0 03 

0 05 

Helium, neon, etc 

0 14 

0 20 


100 00 

100 00 


If the atmosphere continued to he of uniform density as we ascended, we 
should find it to be about 5 miles deep. If it could then be resolved into its 
different constituents and separated into different layers. - /e shou'd have on 
the surface of the earth about 5 in. of condensed water; above that a layer of 
carlMin dioxide gas about 13 ft. deep; then a layer of argon about 90 yds. deep; 
a mile of oxygen; and finally 4 miles of nitrogen. 

281. Preparation of Elementary Nitrogen.—1. Commercially, 

nitrogen is now prepared on an enormous scale, along with oxygen, 
from liquid air (§ 54). 

2 . On the small scale suitable for the laboratory, a current of 
nitrogen (mixed with argon) may be obtained by bubbling air 
through a solution containing ammonium chloride and ammonium 
hydroxide, in the presence of copper turnings. 

The copper is oxidized, forming a blue solution of cupric ammonium hydrox¬ 
ide (§ 53">). The gas thus obtained is, of course, passed through dilute sul¬ 
furic acid to remove ammonia, and is then freed from the last traces of oxygen 
by being passed over heated copjjer or through one of t he absorbents for oxygen 
mentioned in the preceding section. 

3. Nitrogen free from argon is most conveniently prepared by 
heating a solution of ammonium chloride , while a solution of sodium 
nitrite is being run in. The nitrite group (or ion), serves as the 
oxidizing agent (§ 135), the valence of its nitrogen decreasing 
from -}-3 to 0; and the ammonium group (or ion) serves as a 
reducing agent, the valence of its nitrogen increasing from — 3 to 0; 

NII,Cl+NaN0 2 = NaCl+N 2 j + 21I 2 <). 

Show that, the nitrogen in each group really has the faience stated (§ 121). 
Write this reaction in ionic form. 

282. Uses of Elementary Nitrogen. —The production of ammo¬ 
nia by the JIaher and eyanamide processes (§ 284) calls for enorm¬ 
ous quantities of nitrogen gas. Thus, Germany is reported to 
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have consumed half a million tons of nitrogen each year in the 
cyanamide process alone, during the latter part of the Great 
War. 

The chemical inertness of nitrogen makes it. useful in the laboratory for 
diluting other and more active gases, in order to moderate reactions that 
would otherwise get out of control. It serves also to sweep the air out of 
apparatus in which operations requiring the exclusion of oxygen are to be car¬ 
ried on. 

The best thermometers are filled with compressed nitrogen above the mer¬ 
cury thread, to reduce the error due to the evaporation of the metal at high 
temperatures. 

283. Ammonia and Ammonium Salts from Coal and Shale.— 

The most important source of ammonia and ammonium salts is 
coal. When this is strongly heated in a closed retort, out of con¬ 
tact with air, the chemical substances it contains are decomposed, 
producing a mixture of volatile products, including coal-gas and tar 
(§ 350). Incidentally, the complex compounds of nitrogen con¬ 
tained in the coal are transformed into simpler ones, of which 
ammonia is the most important. 

The gas from the retorts is passed through a tar-separator, then into dilute 
sulfuric acid, which removes the ammonia to form ammonium sulfate. The 
United States now produces about 500,()()() tons of this salt, each year, and 
permits about an equal amount to lx* wasted. Oil shale (p UlO) also contains 
a considerable quantity of combined nitrogen; in Scotland, the ammonia that 
it yields often pays the entire cost of the distillation process. 

284. Synthetic Ammonia. —During the Great War, a number of 
processes for synthesizing ammonia from its elements were per¬ 
fected and put into operation on a large scale, to supplement 
ammonia from coal. The ability of Germany to hold out for four 
years, when cut off from supplies of nitrogen compounds from over¬ 
seas, is directly attributable to her success in developing synthetic 
ammonia and oxidizing this to nitric acid, for preparation of explo¬ 
sives. Of the several met hods for synthesizing ammonia that have 
been used, we shall describe two. 

1. Direct Synthesis. —If nitrogen and hydrogen are brought 
together under a* pressure of about 200 atmospheres, at 500° 
C. in a reaction chamber (.4, Fig. 00) containing finely divided 
iron as a catalyzer, a few per cent of the gases combine. 

Nl>+ 3Hn<=*2NH;i4-24,000 cals. 
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The ammonia is dissolved to form ammonium hydroxide solu¬ 
tion, and drained away at B\ while the uncombined nitrogen and 
hydrogen are pumped back and reintroduced into the reaction 

chamber. This is the 
direct synthesis of 
ammonia (sometimes 
called the Haber proc¬ 
ess). The hydrogen 
it, consumes usually 
comes from water gas 

(S 60 )/ 

A mixture of gases, 
containing nitrogen and 
hydrogen in proper pro¬ 
portions for the prepara¬ 
tion of ammonia by direct 
Fig. G9—Sketch to illustrate the principle of the synthesis, may in fact, he 
direct synthesis of ammonia (Haber proeess) prepared by passing a 

mixture, of steam and air 

over white-hot coke Carbon monoxide, produced at. the same time, may be 
largely removed by oxidation with steam, in the presence of a catalyzer: 

CO-flljO <—- COj^lh) 

while the carbon dioxide, if the mixture of gases is compressed, dissolves 
readily in water (Henry’s Law, § 128). 

2. The Cyanamide Process. A second process for synthesizing 
ammonia proceeds indirectly, in three steps. 

(а) Limestone is reduced by coke in an electric furnace, giving 
calcium carbide, CaCa (§ 457). 

(б) The carbide is then heated to a white heat (about 1000° C.) 
and nitrogen (from liquid air) passed over it: 

CaC 2 +N 2 = CaNCN+C. 

The product is calcium cyanamide, CaNCN —not the same thing as 
calcium cyanide, Ca(CN)a- 

(c) The final step is the decomposition of the cyanamide in 
closed autoclaves, by high-pressure steam: • 

CaNCN+3H 2 0 = CaCOj+2NII 3 . 

The cyanamide process appears to have an economic advantage over the 
Haber process, and was extensively developed by all the principal belligerents, 
during the Gre it War. Germany is believed to have had an annual produc- 
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tion of about 600,000 tons of ammonia by this process at the time of the 
Armistice. The largest of the several American plants was at Muscle Shoals, 
Alabama. 

286. Preparation of Ammonia in the Laboratory.— When a 
cylinder of liquefied ammonia is not available, the gas may be 
generated in the laboratory: 

(1) By heating a concentrated solution of ammonium hydroxide. 

NTIiOH = II2O+NII3 |. 

(2) By heating a solution of an ammonium salt with an active 
base: 

(NII 4 )2H()4-l-(-ii(()Il) a = CaR(),+2IT 2 0+2NH3T • 

In either cast* the gas must lx* dried by passing through a 
cylinder filled wit h quick¬ 
lime (Ji, Fig. 70). 

Notice that ammonia can¬ 
not be prepared merely by heat¬ 
ing an ammonium stall. Such 
salts arc partly dissociated 
(§ btl), to bo sure, when 
strongly heated: 

NILC1 <=? NHa+IICl; 

but. a large part of the am¬ 
monium chloride sublimes 
(§ 196) and roeondonsos in 
the colder parts of the ap- 
p a r a t us, undecomposed. 

Furthermore, the products of 
the reaction , A7/ a and IICl, 
arc both cola tdc, pass off together, ant I recombine at the first opportunity. By dif¬ 
fusion through a porous plug these products could be partially separated. 

Ammonium sulfate would give no better result, since even sulfuric 
acid is volatile at the temperature necessary to decompose the salt. Phos¬ 
phoric acid is non-volatile, and ammonium phosphate, unlike other ammonium 
salts, is therefore completely aud irreversibly dissociated on heating. 

To test .for ammonium salts, heat a little of the material in a 
test-tube with a solution of sodium hydroxide. Ammonia gas 
will be expelled, and may be recognized by its odor or by its action 
on moist red litmus. 

NH4Cl+Na0II = NaCl+H 2 0+NII 3 f. 

Write this equation in ionic form. 



Fid. 70.—Preparation of ammonia in the 
laboratory. 
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286. Physical Properties of Ammonia.— 1. Ammonia is ex¬ 
tremely soluble in water (demonstrated as with IICl, Fig. 49, 
§ 178). One volume of water will absorb about 800 volumes of 
ammonia at ordinary temperatures. The solution increases in 
volume during the process of absorption - so much that it may have 
a specific gravity as low as 0.90. 

Note, however, that this is not a case of simple solution, foi» a 
part of the ammonia combines with the water, to form ammo¬ 
nium hydroxide: 

NTT 3 +II a O^NH 4 OII <->NIT 4 + +OII ~. 

2. Ammonia is easily condensed to a colorless liquid (a pressure 
of 8.5 atmospheres is sufficient, at 20° ( 1 )- Liquid ammonia 



comes on the market, in steel cylinders, chiefly for use in refrigera¬ 
tion. It is an important solvent, dissolving such utterly diverse 
things as inorganic salts, sulfur, iodine, organic resins, and even 
metallic sodium. Chemists are interested in the fact that it is an 
ionizing solvent, furnishing conducting solutions of acids, base's, 
and salts (§ 252). 

287. Ammonia in Refrigeration - The principal uses of ammo¬ 
nia are ( 1 ) refrigeration and manufacture of iqp; ( 2 ) manufacture 
of soda by the Solvay process (§437); (3) manufacture of nitric 
acid by catalytic oxidation (§ 298). 


Fig. 71 shows the. essential features of a plant for refrigeration and manu¬ 
facture of ice. Ammonia gas is liquefied by a compression pump at P, thenee 
passes through a set of coils, C, cooled by a spray of cold water, to remove the 
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heat liberated in liquefaction. On passing through an expansion valve, V, 
the pressure is suddenly decreased, and the liquid evaporates, experiencing a 
fall in temperature because of the energy expended in evaporation. The low- 
pressure pipe, carrying the expanded and cooled ammonia, returns by way of a 
brine tank, to the pump where the gas is recondensed. 

The. brine in the brine tank is cooled by the circulating ammonia to perhaps 
10° below the freezing point of water; thence it circulates around tanks of 
distilled water, IP, which freeze into solid cakes of ice. The return of the brine 
• to the brine tank is by way of refrigerator rooms. Without cold storage, .the 
provisioning of our large cities during the summer months would be almost 
impossible. Modern refrigerator rooms are of very large size and are regu¬ 
lated by thermostats, the year round, to within a few tenths of a degree of some 
definite temperature, according to the nature of the material in storage. 

288. Chemical Properties of Ammonia. — 1. Ammonia unites 
directly with acids to form ammonium salts. (Recall the white 



Fici 72 —A refrigerator room. 


cloud that it forms with hydrogen chloride gas or any other volatile 
acid.) 

Solutions of salts formed by the combination of ammonia with active acids 
are perceptibly acid toward some indicators (not toward litmus). What does 
this indicate? (live a detailed ionic formulation. 

2 . Ammonia is readily decomposed by heat, though the decom¬ 
position is incomplete at temperatures of 200° or 300°: 

2NII 3 5=±N 2 +3ll2. 

From the fact that the decomposition is rendered more complete by an 
increase of temperature, do you conclude that it. is accompanied by an absorp¬ 
tion or an evolution of heat? State the principle involved. 
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3. Ammonia is readily oxidized, especially at high tempera¬ 
tures. In other words, under such conditions it is a reducing 
agent. 

(а) It will not burn in air; but it will bum in oxygen, with a bright yellow 
flame (Fig. 73). 

(б) When passed over heated copper oxide, it is oxidized to nitrogen and 

water, while the copper oxide is reduced tp 
metallic copper. 

(r) Chlorine and bromine oxidize ammonia to 
nitrogen, the halogen in each case being reduced 
to a hydrohalogen acid: 

2N H.i+3C1» = N«+?»IIC1. 

Why is this regarded as oxidation? Tell 
what transfer of electrons takes place. 

But when ammonia is treated with an excess 
of chlorine an oily liquid, nitrogen trichloride, 
NCI,, is formed. This is a dangerous explosive. 
Nitrogen iodide, NI.i-NlL, is a black compound, 
formed by pouring ammonium hydroxide over 
iodine crystals. When dry, this also explodes 
violently at the, sliyhlesf touch. 

(d) In the presence of an excess of air, with 
platinum as a catalytic agent, ammonia may lie 
oxidized to nitric acrid (an important industrial 
process, § 298). 

289. Ammonium Salts.—Ammonium sulfate is the source of 
other ammonium salts, and is used as a fertilizer. Ammonium 
chloride (sal ammoniac) is used in dry cells (§42f>)—more than 
ten million cells a year in the United States alone. It is also com¬ 
monly applied to metal surfaces in soldering. Its usefulness for 
this purpose depends on its partial dissociation by heat into 
ammonia and hydrochloric acid, which clean the* metallic surfaces 
to which the solder is to be applied by reducing or dissolving oxide 
that may be present. Ammonium nitrate, mixed with one-fourth 
its own weight of T.N.T. (§ 304) to serve as a detonator, is a power¬ 
ful explosive. Sawdust, impregnated wilh ammonium nitrate, 
has recently been used as a substitute for dynamite. 

290. Hydrazine and Hydroxylamine.—Hydrazine, N*H< (colorless liquid) 
and hydroxylamine, NII/)H (white solid) an; a pair of interesting com¬ 
pounds, representing intermediate stages of reduction between nitrogen itself 
and ammonia. Their chemical properties ore, in general like those of ammonia. 
Thus, they both unite directly with acids to form salts, hut are both decidedly 
more active bases than ammonium hydroxide; while hydrazine hydrat-e, 
N 2 II| ■ H 2 0 is a base, like ammonium hydroxide, NIL ■ H/), but more stable. 
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and is deprived of water with difficulty. Ammonia acts as a reducing agent 
only at high temperatures; hut hydrazine, even in solution, is one of the most 
powerful reducing agents known. Hydroxylamine acts similarly, though 
less energetically. 

291. Graphical Summary. 


Itaiv Materials: 


The Industrial Chemistry of Ammonia 


Air 


Limestone 


Water 


Coal 


Sulfur 



Hydrochloric 

Acid 


Chloride 


(Explosives) (Iiefraroration) (Prep. N.jO) (Explosives) (Fertilizers) (Dry Cells) 


The chemical reactions of ammonia are 
summarized in sec. 306. 


EXERCISES 

1. What is the commercial source of nitrogen? What impurities would 
you expect to find in a cylinder of compressed nitiogen? 

2. What volume of nitrogen gas may he prepared from 100 ce. of a solu¬ 
tion of sodium nitrite, 20 per cent strong, of specific gravity 1.20, by inter¬ 
action with ammonium chloride? 

,‘i. A cylinder of .1 cu. ft* capacity holds compressed nitrogen under a 
pressure of 50 atmospheres. Estimate the wt ight of the gas, in pounds (§ 147). 

4. Which is the cheaper fertilizer per pound of nitrogen, ammonium sul¬ 
fate, at. $70 a ton, or sodium nitrate of the same purity, at $00 a ton? 

5. Calculate tin* weight of a liter of dry nitrogen gas, at. 20° C., and 740 
mm. pressure. 

0. What two elements of the atmosphere combine with magnesium, when 
this metal is burned in air? Write equations to show what happens when the 
two compounds thus formed are dissolved in water. 

7. In the cyanamide process, wlnit. would you presume the products to be, 
if air, rather than nitrogen, were passed over calcium carbide, at a white heat? 

8. When clcctricasparks are passed through a mixture of nitrogen and 
hydrogen contained in a glass tube, very little combination occurs. But if a 
few drops of concentrated sulfuric acid arc placed in t.lie tube, the reaction 
goes on to completion. The effect is not due to increased electrical conduc¬ 
tivity in the presence of sulfuric acid, nor is it a case of catalysis. What 
is your best, explanation? 

9. Write balanced equations for the preparation of ammonium sulfate, 
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carbonate, sulfite, and acid sulfite, from ammonia, water, and an acid anhy¬ 
dride. 

10 . Ammonium chloride cannot, be prepared by treating ammonium sulfate 
with hydrochloric acid. Hut if a solution of ammonium sulfate is treated 
with a solution of barium chloride the reaction is complete. Explain. 

11. With ammonium sulfate at. $70 a ton and staked lime at $10 a. ton, 
calculate the cost of the materials needed for a ton of liquid ammonia, assum¬ 
ing a 00 per cent yield (§ ] 91). 

12 . Write; and balance* equations for: » 

(а) Action of slaked lime on sodium acetate; 

( б ) Action of caustic soda on sal ammoniac; 

(c) Preparation of ammonium fluoride* from ammonia; 

(d) Hydrolysis of calcium e-yanamiele; 

(c) Burning ammonia gas in oxygen. 0 

13. Samples of four white salts are* known to be NILGl, (NID/lfb, NaCl, 
and NaaSOe Tell lienv each may be^ identifie*d and e]istinguishc*el from the 
others. 

14. Explain why ammonia can be prepared by lie*ating ammonium phos¬ 
phate alone, whereas ammonium chloride* ne*e*ds to be* mixe*el with sink'd lime 
or seime similar substances 

15. Explain why ammonium sulfate cannot be transformer! into ammonium 
acetate by distillation with acetic acid. Tell how \ou might c*ffe*e *1 the trans¬ 
formation, in two ste*ps, proceeding by way of gase*mis ammonia. Write* e*ejua- 
tions. 

16. Which of the following substances e*ould be* use*d to elry ammonia gas? 
Which could ne>t, and why: JI 2 NO 4 , CaGIs, Cat), N’a? 

17. What volume of ammemia gas is ne*e*ele*el to re*due*e 1 g. of cupric eixiele 
to metal? 

18. With aid of the index, prepare a list of the catalyzers that have be*en 
mentioned in this and previous chapte*rs of the te*\t, with the*ir use*s. 

19. Ceme’ontrated ammonium hyelroxiele* solution has a spe*eifie* gravity of 
0.88 and contains 35 per e*ent NH.i. What veilume of this re-agent e-orre*sponds 
to a kilogram eif commercial (95 pe*r e*i*nt) ammonium sulfate? 

20. Find thm* elifferent ways, elire-ct eir ineiiree*t, for proving that ammonia 
contains hyelreigon. 

21. Give an e-epiation for the action of bromine on ammonia, forming nitro¬ 
gen and hydrogen bromide. Why is this considered as a case of oxielatiem and 
reduction? 
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NITRIC ACID AND RELATED COMPOUNDS 

292. The Oxides of Nitrogen.— Nitrogen unites with oxygen 
in five different stage's; but only the three listed hen* in black type 
are of importance: 

Name. Formula Color. Action on Water. 

Nitrous oxide N.O Colorless gas Fairh soluble 

Nitric oxide ITO Colorless gas Slightly soluble 

Nitrogen trioxide N a () 3 Blue liquid (-21°) (lives IINOj 

Nitrogen tetroxide 

(peroxide) N 2 0 4 —> 2N0 2 Yellow to brown Clives UNO.: and NO 

gas 

Nitrogen pent oxide N 2 0& White solid (lives I1N0 3 

293. Nitrous Oxide. —Nitrous oxide, N L >0, is a colorless gas, 
formed by gently heating ammonium nitrate. Too rapid heating 
may result in a violent explosion. 

NII 4 N()3 = 2II/)+N,Ot. 

Compare with the heating of ammonium nitrite (§ 281). 

Nitrous oxide will support combustion of phosphorus, carbon, 
and many other elements, and will even cause a glowing splint to 
burst int o flame, after the* fashion of oxygen. Like (X_>, NI Is, (XL, 
and SOo, it is easily condensed by pressure, and is sold in liquid 
form , in steel cylinders. It is used for anesthesia, in dentistry and 
surgery, in admixture with oxygen. 

294. Nitric Oxide. —Nitric oxide, NO, is formed whenever 
nitrogen and oxygen are heated together to the temperature of the 
electric arc (around 300()° C.). It is itself colorless, but unites 
with extra oxygen, whenever it comes in contact with air, to form 
a brown gas, nitrogen peroxide, NCL. 

The formation of nitric oxide and nitrogen peroxide may readily he demon¬ 
strated in the lecture-room by sending sparks, from a powerful induction coil, 
between platinum terminals in a glass globe filled with air. Presently the 
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brown color of nitrogen peroxide apiiears. If a few drops of water are then 
added, this gas dissolves, forming an acid solution (IINO 3 ). This experiment 
illustrates a method (§ 299) by which thousands of tons of nitric acid are now 
manufactured each year from the atmosphere. 

The common laboratory method for preparing nitric oxide is 
by reducing somewhat diluted nitric acid with copper. 

The equation for this reaction (balanced in § 133) is often 
written in molecular form: 


3Cu+8TT N (); 5 = 30u (N (>j) 2 -f 2N O+4H yO. 

But this tends to disguise the fact that, the essential change is here a transfer 
of electrons. Write an ionic formulation of this reaction (,§ 270) and explain 
what transfer of electrons take place. 

296. Nitrogen Peroxide. —(1) Nitrogen peroxide, the brown 
gas produced when nitric oxide unites with oxygen, differs from 
the t wo other gaseous oxides of nitrogen in dissolving readily in 
water. This is really si chemical combination, the products being 
nitric acid and nitrous acid: 


2 NO 2 +H 2 O -»HNO 3 +HNO 2 . 

(2) At ordinary temperatures, nitrogen peroxide has almost 
twice the density that corresponds to its formula, NO 2 , and a 
color which is more yellow than brown. This is due to the forma¬ 
tion of nitrogen tetroxide, Nd) 4 , by combination of two molecules 
of N() 2 . 

Wc have here a ease of association (§ 157). Pure N 2 Oi is colorless; hut as 
the temperature is raised it dissociates more and more into N(b, passing 
through yellow and light brown to a deep chocolate brown (around 150" C.). 
At still higher temperatures the color fades away again, on account of disso¬ 
ciation of N0 2 into NO and ()■>■ On cooling, the same changes occur in reverse 
order: 

NA <=* 2NO» <=* 2N0+0 2 . 

('olorlfHM Jlrowii Culm less 

150° 000° 

The yellowish-brown gas at room temperature is about half N 2 () 4 (by volume). 
(Calculate the weight of a liter of it at standard conditions;* on this assumption). 

(3) Nitrogen peroxide is poisonous. It is a good oxidizing 

agent, and its most important use, in the manufacture of sulfuric 
acid (§ 240) depends upon this property. It is sometimes employed 
in traces, for bleaching flour. 
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296. Nitrous Acid and Nitrites. —When equal volumes of NO 
and NO 2 are passed into water, we get a solution which is assumed 
to contain nitrous acid, IINO 2 : 

NO+NO 2 +H 2 O 2HN0 2 . 

Nitrous acid, like carbonic acid, H 2 CO. t , and sulfurous acid, H 2 S0 3 , has 
never been prepared pure, but is assumed to exist because solutions prepared 
as just described an* acid toward litmus, and when neutralized with bases and 
evaporated, yield salts, such as sodium nitrite, NaNt> 2 . 

Nitrous acid solutions, prepared from NO and NOj, or by acidifying a solu¬ 
tion of a nitrite, are extremely unstable, decomposing slowly at room tempera¬ 
tures, liberating NO and N0 2 . Thus nitrous acid, like N() 2 itself, is an oxi¬ 
dizing agent. 

Sodium nitrite may be prepared (1) by passing NO and N0 2 into NaOH 
solutions; (2) by heating sodium nitrate for a long time above its melting point; 
or (3) by melting sodium nitrate with metallic lead. (In the latter case the 
lead is oxidized to litharge, PM)). Sodium nitrite is an important reagent, 
used in large quantities in the manufacture of dyes (§372). The United 
States is estimated to consume about 4000 tons of this salt each year (1920). 


297. Nitric Acid from Nitrates.--Review 105. Nitric acid 


is prepared commercially by distill¬ 
ing sodium nitrate with concen¬ 
trated sulfuric acid. The retort, 
(/£, Fig. 74) is a cast-iron vessel 
holding several tons. Any portion 
of the vapors that escape being 
condensed in the water-cooled con¬ 
denser (f Y ) are forced to pass up¬ 
ward through a tower of stone¬ 
ware, and are there dissolved by a 
spray of water, to form dilute nitric 
acid. 

298. Nitric Acid from Am¬ 



Dil. 

HNO a 


monia.—Nitric acid has recently 
been prepared on a largo scale by 
passing ammonia gas, with an ex¬ 


Fir,. 74—Commercial prepara¬ 
tion of nitric acid from sodium 
nitrate. 


cess of air,, over a catalyzer consisting of rolls of platinum gauze. 


The temperature*is held around 750°, at first by electrical heating; but 
when the reaction is well started it, liberates enough heat to maintain the 
catalyzer at the proper temperature, provided the incoming gases are in the 
correct, proportion. At the time of the Armistice, in 19IN, the United States 
was able to produce 200,000 tuns of nitric acid a year by this method. 

Review § 229. Explain why a catalyzer is necessary in oxidizing ammonia 
to nitric acid. 
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299. Nitric Acid from the Atmosphere. —Thousands of tons 
of nitric acid arc now produced each year, with the aid of the elec¬ 
tric- furnace, from the nitrogen and oxygen of the atmosphere, 
chiefly in Norway and Switzerland. 

N 2 +(), ^2N()(3000° C.) 

2N()+()^* ^ 2N()j (100° C., and below). 

3N()2+H->() = 2IINO :i +NO (40° C.). 


Since flit' formation of NO (first reaction) absorbs beat, it is most 
complete at high temperatures (§ 219). At somewhat lower tem¬ 
peratures the reverse reaction predominates, and NO once formed, 
tends to dissociate again info N 2 and Oy. Accordingly the mix¬ 
ture of gases leaving the electric furnace must be cooled, as sud¬ 
denly as possible, to temperatures so low (400° C.) that the reverse 
reaction becomes reasonably slow. The NO then combines with 
more 1 oxygen to form NOj, which is dissolved in wafer to form 
lINO;<. 


The furnace designed bv Birkeland and Eyde is shaped Somewhat like a 
huge cheese, N ft. in diameter, and 2 ft. thick. There is a flattened cavity in 



Fig. 75.—Diagram of electric furnace 
for preparing nitric acid from the 
atmosphere (Birkeland and by do). 


the center, into which project, two 
hollow, water-cooled, copper electrodes. 
Fig. 75 shows the apparatus cut 
through in the middle, with the right 
half removed, in order to expose* tin* 
flat cavity which contains the elec¬ 
trodes, and in which the reaction takes 
place. A large* electromagnet., one- 
half of which is here shown, has the 
effect of spreading out the electric arc 
into a flat disc, which fills the* whole 
interior of the react ion-chamber. 

Air enters through a paaiagewav 
at A ; streams out into the disc of 
flame, through the numerous small 
ojwMiings shown in the figure; then 
I lasses downward and out, at li, mixed 
with air which has entered in the 
same way through the other half of 
the furnace. By this means the 
mixture of oxygen ami nitrogen is 


exposed momentarily to a temperature of about 3000°, bringing the two 
into partial combination to form nitric oxide, NO. The gases leaving the 
furnace are at. about, 5000° C., and contain about 2 per cent of NO. They are 
immediately cooled by impinging against a water-cooled metallic surface, in 
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a water-tube boiler. When the temperature has thus been lowered, the* 
nitric oxide combiner with a further quantity of oxygen, forming nitrogen 
peroxide, N0 2 . This is afterward further cooled and absorbed in water, form¬ 
ing nitric acid. 

300. Physical Properties of Nitric Acid. —Pure nitric acid is a 
colorless liquid, but samples that approach 100 per cent, concen¬ 
tration (fuming nitric acid) slowly decompose on standing, liber¬ 
ating NOi ,which dissolves and colors the liquid yellow; 


4 HN 0 3 = 2II2O+4NO.+O2. 

Ordinary “concentrated” ITNO 3 (sp. gr. 1.42) contains only 
about 70 per cent HN () 3 by weight.. It is more stable than the 
fuming acid, and remains almost colorless for a very long time. 

301. Chemical Properties of Nitric Acid. — 1 . Nitric acid, like 
other acids, reacts with bases to form salts and water. 

2. Nitric acid is an important oxidizing agent. 

(a) Thus, glowing charcoal will continue to glow when thrust 
under the surface of the concent rat ed acid— a dangerous experi¬ 
ment; and a plug of wool, in the mouth of a test-tube in which 
concentrated nitric acid is warmed, is usuallv set on fire. 

( b) Hydrogen sulfide is oxidized bv dilute nitric acid to sulfur 
and wafer (§ 231); and bjr warm, fairly concentrated nitric acid 
to sulfuric acid. 

(live balanced molecular equations, assuming the dilute acid to lx* reduced 
to nitric oxide, and the concentrated acid to nitrogen peroxide. Write the 
same equations in ionic form. 

(c) Hydrochloric acid is oxidized to chlorine and water. 

HNO3+HOI 5=* II2O+NO+CI2. 


The NO and the CI 2 combine in part to form an unstable compound, 
NOC1. 


Balance this cqui^ion (§ Jo. 1 )). 


Explain it as a transfer of electrons. 


The mixture of concentrated nitric and hydrochloric acids is 
called aqua regia. Odd and platinum, which are so far below 
hydrogen in the electrochemical series of § 72 that, they art' not 
dissolved by dilute non-oxidizing acids, nevertheless unite directly 
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with the free chlorine that is present in aqua regia, forming AuCl.-j 
and PtCl 4 . 

(d) Metals are oxidized and dissolved (next section). 

302. Stages in the Reduction of Nitric Acid.—When a metal 
reacts with a non-oxidizing acid, electrons lost by metallic atoms 
are transferred to hydrogen ions. (Review first part of § 270.) 
But when a metal reacts with nitric acid, hydrogen is rarely* 
evolved; for the nitrate-ion accepts electrons more readily than 
does hydrogen-ion, and is thereby reduced (§ 131): 

Reduction , 

Substance N 2 0 5 N() 2 N 2 0 3 NO N 2 0 N 2 NH 2 OII N 2 H 4 NII 3 
11N0 3 HN() 2 § 290 

Nitrates Nitrites 


Valence of 

nitrogen +5 +4 +3 +2 +10 —3 

1. If the nitric acid is quite concentrated, each nitrate ion 
accepts one electron, the valence of nitrogen is lowered from +5 
to +4, and the product is N0 2 : 


N( V + 211++c = N0 2 +II 2 0. 

For the special case in which metallic copper is the reducing agent, each 
copper atom loses two electrons, producing a copper ion, ('u H H , and the com¬ 
plete equation is: 


2NOr+4II + +Cu = 2NO s +2H/)+Cu- H -. 

What salt of eopi>er can he obtained by evaporating the solution? Write and 
balance the molecular equation (§276). 

2. If the nitric acid is much diluted, each nitrate ion accepts 
three electrons, the valence of nitrogen is lowered from +5 to 
+2, and the product is NO: 

N0 3 -+4II++3e = N0+2H 2 0. 

o 

Write, a complete ionic equation for the special case in which hydrogen sul¬ 
fide is the reducing agent, the sulfur atom of the U*S molecule losing two elec¬ 
trons, to form elementary sulfur. 

Write equation for the special case in which the reducing agent is metallic 
copper. 
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3. If the nitric acid is very dilute, or if the reducing agent is 
very active (a metal toward the top of the electrochemical series), 
each nitrate ion may accept as many as eight electrons. Thus the 
valence of nitrogen is lowered from +5 to —3, and the product is 
ammonia gas, or an ammonium salt : 

NO 3 --H OH ++ 8 c = NH 4 + + 3H 2 0. 

If the nitric acid is to be completely reduced, some other active 
acid (H 2 SO 4 ) must be present to supply the necessary concen¬ 
tration of hydrogen-ion. 

Write an ionic equation for the complete reduction of a small amount of 
nitric acid by metallic iron, each iron atom losing two electrons. What ferrous 
salt and what ammonium salt, can be obtained on evaporating the solution? 
Write and balance the. corresponding molecular equation. 

Note that in every case the reduction of nitric acid calls for 
hydrogen ions, as well as electrons, and produces water. 

But, since H+-fe = TI, wo might, think of the reduction as being accomplished 
by nascent hydrogen: namely by hydrogen existing for the moment as individual 
atoms, rather than as molecules. This assumption is, however, not well sup¬ 
ported by experimental evidence, and is going out of favor. 

Write unbalanced ionic formulations for the oxidation of phosphorus to 
phosphoric arid, and iodine to iodic acid, by concentrated nitric acid. 

Balance these formulations, first adjusting the atoms that change valence, 
then oxygen, and finally hydrogen. Check by counting charges on ions. 

Write and balance an ionic equation for the reduction of dilute nitric acid 
to nitrous oxide by metallic zinc. Another for the reduction of a very dilute 
nitric acid solution, in the presence of an excess of sulfuric acid, by metallic 
aluminum, forming an ammonium salt. Write the molecular equation for this 
reaction. 

303. Tests for Nitrites and Nitrates. —Nitrites and nitrates arc 
both easily reduce* 1 to nitric oxide (NO) by adding an excess of an 
acid solution of a ferrous salt (i.e., ferrous-ion): 


NO 2 - + Fc ++ 

Nitrite-ion 

+ 

2H+ 

= Fe ++ + 

+ 

NO 

+ 

H 2 0 

N0 3 - -F 3Fe ++ 

+ 

411+ 

= 3Fe+++ 

+ 

NO 

4- 

2H 2 0 


Nitrate-ion 


The NO thus produced unites with the excess of ferrous ion, pro¬ 
ducing a dark-brown color, presumed to be due to the complex-ion, 
FeNO + +. The first of these two reactions takes place readily, 
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even in a very faintly acid solution, while the second requires the 
solution to be rather strongly acid (i.e., a large excess of hydrogen- 
ion). Accordingly, nitrites are distinguished from nitrates by the 
fact that they develop a brown color with an excess of a ferrous 
salt, even in a solution which is only faintly acid with acetic acid; 
while nit rates give this test only when an active acid, such as sul¬ 
furic acid, is present. * 

What, acids do you think might be substituted for acetic acid in this test, 
and why? Formulate the two reactions given above, in terms of molecules. 

304. Uses of Nitrates and Nitric Acid.—The United States, in 
normal times, consumes about half a million tons of sodium nitrate 
each year, as fertilizer. In addition, about 100,000 tons of con¬ 
centrated nitric acid are used annually, chiefly in the produc¬ 
tion of dyes, cinematograph films, lacquers, rayon (§ 370), cellu¬ 
loid, and a great many important explosives: nitroglyeerol, 
smokeless powder, dynamite, trinitro-toluene (T. N. T.), and 
others. 

305. Cycle of Nitrogen in Nature.—1. Careful experiments 
have shown ihat all the nitrogen required for the growth of the 
higher plants is absorbed through their roots, as nitrogen compounds 
- chiefly nitrates. The nitrogen of the atmosphere is of no use, 
as long as it remains in the elementary condition. Uncombined, 
nitrogen is a more restrainer of the activity of oxygen; combined, 
it is plant food. 

There arc several processes in nature that fix nitrogen, or bring 
it into combination with other elements. Every lightning flash 
causes a little of the nitrogen of the atmosphere to unite with 
oxygen, to form nitric oxide (§ 29-4). This dissolves in water to 
form nitric acid, which reacts with the limestone of the soil to form 
calcium nitrate. 

The amount of nitrogen thus fixed in any one year is very 
slight—a few ounces, at most., over eaeh acre of the earth’s sur¬ 
face'. Hut nature may, on occasion, take a million years for her 
work; and it seems possible that the thunderstorms of the ages 
that prere'de'el the* appearance* of lile upon the earth had much to 
ele> with making that, life* possible. Man now duplicates the work 
of the lighting in e*le»ctric furnaces (§ 290), producing either nitric 
aciel, t.ej be; use*el in the manufacture of explosives, or calcium 
nitrate, te> be. solel as fertilizer. 
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2. Although the higher plants are seemingly quite unable to 
make use of the nitrogen of the atmosphere, many bacteria do so 
readily. These are the nitrogen-fixing bacteria, the most famous 
of which are those that product; the abnormal swellings or nodules 
on the roots of certain leguminous plants (cow-peas, clover, and 
alfalfa). These bacteria are. foreign invaders of the root tissue, 
and the plant makes a desperate effort to drive them out. But 
if they succeed in maintaining their foothold, and the disease 
becomes incurable, if turns out to be a blessing; for the nitrogen 
that is fixed by the bacteria, is handed on, in the combined form, 
to the plant that, servos as their host, ('lover always grows 
much more luxuriantly when nitrogen-fixing bacteria an* present. 

Nitrogen, once fixed by the two processes wo have described, 
tends to run through a definite cycle, which is outlined by the 
diagram on the next page. 

3 . Nitrogen compounds, absorbed through the rootlets of 
growing plants, are transformed into }>lanl protein , which serves 
as food for animals, and becomes animal protein. 

A. "When plants and animals decay, their nitrogen is con¬ 
verted into ammonia or ammonium salts by the ammonifying 
bacteria. 

, r >. Ammonium salts are not readily absorbed by most plants. 
The fact that we can use them (or even calcium cyanamide, § 281) 
as fertilizers, is due to the fact that, most soils contain nitrifying 
bacteria, which convert them into a more acceptable plant food. 
A growing corn-plant may be made to absorb so much sodium 
nitrate that crystals of that salt may be shaken from the dried 
split, stalk. 

The cycle of nitrogen is thus repeated endlessly, and every 
atom of nitrogen in our own bodies may have passed through 
plants and animals, not once, but many times. Wore this cycle 
broken, life upon Ihe earth would soon cease. Some of the most 
important problems before the chemists of to-day concern the 
development 1 of new or better ways of fixing nitrogen, or of pre¬ 
venting it, once fixhd, from returning again to the atmosphere. 
Were it not for progress already made (§§ 281, 2tM)) the approach¬ 
ing exhaustion of t he nit rate deposits of Chile might have brought 
the more thickly populated countries of the world info a state 
of chronic famine before the end of the present century. 
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306. Graphical Summary. —Full-line arrows show the cycle 
of nitrogen in nature. Dotted arrows show related industrial 
processes. 



Nitric 
Acid and 
Nitrates 


Plant 

Growth 


Plant 

Protein 


EXERCISES 


1. Write equations for the oxidation of eaeli of the following by concen¬ 
trated nitric acid: 

1LS, Na-jSO.i, ZnS, P, S, (\ Sn. Cu, Ec. NaCI. 

2 . Doscrilie tests bv which you w-ould distinguish between two solutions: 

(a) One containing a nitrale, the other a nitrite; 

(b) One a nitrate, the other a chlorate; 

(c) One a sulfate, the other a sullite; 

(d) One sodium sulfide, the other sodium hydroxide; 

(e) One a bromide, the other an iodide; 

3. W'rite equations for all reactions involved in the preceding tests. 

4. Explain why 1 INO ;i can be ust'd to prepare CO a from Na 2 C();,, but not 
to propart; SO a from NusSO, ( . Write (‘filiations. 

fi. How would you determine whether a sample of NO contained N/)? 

G. Give an equation to explain why nitric acid becomes brown on being 
healed. 

7. Apply the principle of Le Chatelier (§ 221) to determine whether the 
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dissociation of N 2 0 4 becomes more or less complete when the pressure on the 
gas is increased. 

8 . Assuming a 05 per cent yield, what weight of Chile saltpeter, 90 per 
cent pure, is needed to prepare a ton of concentrated nitrier acid, 68 per cent 
pure? 

9. Write equations for all the reactions to be expected on distilling sodium 
iodide with dilute nitric acid (§ 192, item 4). 

10. State the circumstances that determine the nature of the reduction 
products to be expected when nitric acid is reduced by a metal. Illustrate 
w r ith ionic equations. 

11 . (live equations to show the part played by the oxides of nitrogen in 
the manufacture of sulfuric acid by t he* chamber process. 

12 . Explain why nitric acid will dissolve copper readily in the cold, while 
hydrochloric acid will not, in spite of tin* latter being somewhat the more 
active. 

Id. State the conditions that determine whether a catalyzer may prove, 
useful in carrying out a given reaction, or whether an increased yield may 
better be secured by raising t he temperature. 

14. A liter of normal nitric acid is mixer! with 12(H) re. of normal ammonium 
hydroxide. What will be the normality (as acid or base) of the resulting 
mixture. The mixed solution is evaporated to dryness. What will be the 
weight of the residue? 

15. (liven nitrogen gas, tell how you might convert it successively into: 
a nitride, ammonia, nitric acid, a nitrate, a nitrite, ammonium nitrite, nitrogen. 

16. (live equations lor two different commercial methods for preparing 
synthetic ammonia Assuming a perfect yield, what volume of ammonia is 
produced by each process irom one volume of elementary nitrogen? 



CHAPTER XXIII 


PHOSPHORUS AND ARSENIC 


Toward the end of the seventeenth century, a German alchemist, in his 
search for the philosopher's stone -a fabled preparation for converting common 
metals into gold came, quite l>v accident, upon a substance having the prop¬ 
erly of glowing in the dnrk This was phosphorus 'Greek, iH/hl-hcarcr ), now 
consumed in enormous quantities in the preparation of mutches, and mined 
by thousands of shiploads, in the form ol calcium phosphate, to be used as 
fertilizer. 

307. Occurrence of Phosphorus in Plants and Animals.— 

Phosphorus is quilt* its necessary to life as nitrogen itself. The 
bony framework :ind teeth of vertebrates art* largely raid inn phos¬ 
phate. The brain and nervous tissue of tin* higher animals contain 
phospho-proteins (§38X). I ndeed, a minute amount of phosphorus 
is contained in each individual cell of every living plant and animal 
—in the cell-nucleus, the structural element, most intimately asso¬ 
ciated with the phenomena of growth and reproduction. 

308. Phosphorus Minerals.- Phosphorus occurs in nature only 
as salts of orlhophosphoric acid, 111M)|. An important mineral 
of phosphorus is apatite, a double salt of the composition 
CaF 2 -d( 1 n.-{(P().| > 2 — namely, one molecule* of calcium fluoride in 
association with three of calcium phosphate. Frequently the 
fluorine is partly or wholly replaced by chlorine. Apatite is found 
in crystalline igneous rocks (§ 3!)5) in all parts of the world, and 
minute crystals occur in many soils. The most important deposits 
of the mineral are in Ontario, Canada. 

By action of carbonic acid and running water, apatite and other 
phosphate minerals an* brought into solution and become available 
for growing plants. These, in their turn, hamj on the element to 
animals. Thus, certain important secondary phosphate minerals 
have been formed in nature—impure forms of calcium phosphate. 
These are roughly described as phosphate rock. 

On the ocean bottom in many parts of the world arc found phosphntic 
nodules , consisting of calcium phosphate which has been dissolved from the 
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bones and tooth of fish and then rodopositod around nuoloi of unchanged 
mat or i al. 

liimostono bods of ton oontain considerable amounts of oaloium phosphate, 
intermingled with the predominating oaloium carbonate. These deposits 
are often leached by running water alter being uplifted into dry land, leaving 
the phosphatio pebbles or nodules behind, associated with olav. 

No other country approaches the Enitod Stales m richness of phosphate 
resources. The deposits occur so near tin* surface as to lx 1 mined in open pits, 
and concentrated by washing away the lighter sand, clay, and gravel with 
running water. As much as ;{,()(M),(M)0 tons have been mined m a single year, 
most of which is exported to Central Europe to be used as fertilizer. About 
three-fourths of tin* output has come from Klonda, but. large quantities are 
mined in South Carolina and Tennessee. In the Northern Rocky Mountain 
District (Idaho, 'tali, and Wyoming! not far from the Yellow si one Park, are 
deposits said to contain billions of tons, as yet practically untouched. 

309. Preparation of Elementary Phosphorus. At the present 
time, phosphorus is commonly prepared in electric furnaces, in 
which calcium phosphate, sand, and powdered coke are heated 
together at a high temperature: 


( *;i:D P< >.i hi + 3Si< )j - 3( ‘aSit ) ;{ -f lM ) r „ 


PAM-TiC- 5CO+2P | 

The sand unites with calcium oxide to form calcium metasilicate, 
CaSiO.i; and the phosphoric anhydride, 1M);>. thus set. free, is 
immediately reduced by the carbon to elementary phosphorus, 
which distils away through an opening near the top of the furnace, 
and is condensed in cold water. 

310. Physical Properties of Phosphorus.— Phosphorus, like 
sulfur and many other elements, exists in several allotropic forms. 
The two best known arc* a waxy, white solid (usually yellowish on 
the surface), and a rod powder. 

White (yellow) phosphorus is extremely poisonous , and so 
inflammable that it will catch fire from the heat generated by its 
slow oxidation when exposed to the air. It must never be touched 
with the fingers, and must be preserved and cut up under water. 1 

Red phosphorus is quite variable in its specific gravity and other 
physical properties; it- is presumed to consist of a solid solution 
(§91) of the white form in a black modification (obtainable by 
heating the white to a high temperature under great pressure). It 
is the more stable form of phosphorus, and is most conveniently 

1 Or a saturated solution of copper sulfate, which eoals the sticks over with 
a layer of metallic copper, and makes them safer to handle. 
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obtained by heating the white (yellow) form with a trace of iodine, 
which catalyzes the transformation. It is practically non-poi- 
sonous, insoluble in CSa and other solvents for the yellow form, 
and ignites only when strongly heated. Iiy being distilled, it may 
be reconverted to the yellow form. Both forms, of course, give 
the same product when burned in the air. 

311. Matches. —Most of the elementary phosphorus produced is 
consumed in the match industry. In former years, yellow phosphorus was 
used; but workmen suffered so seriously from chrome phosphorus poisoning 
that such matches were taxi'd out of existence. At the present time, only 
red phosphorus and a sulfide of phosphorus. P,S >!f are used. 

In the safety match , the material in the head is S or MeS.,, v'ith a little, 
potassium chlorate or potassium diehromnto as an oxidizing agent, powdered 
glass to increase, the friction, and some glue to hold the mass together. This 
mixture is not combustible enough to be ignited easily, unless struck upon a 
box coated with red phosphorus. 

In the “ diamond match” the head is usually PbOa, to serve as an oxidizing 
agent, with a little PA and some dextrin or glue. 


312. Phosphine and Phosphonium Salts.—The most, important 
compounds of nitrogen can be matched with phosphorus com¬ 
pounds of corresponding formula. Thus, ammonia, Nila, corre¬ 
sponds to phosphine, PII3, which unites directly with acids to form 
phosphonium sails, such as phosphonium iodide, PII4I. These, 
however, are all completely hydrolyzed by water (a fact which 
shows that phosphonium hydroxide, if it exists, is an extremely 
inactive base). 


Phosphine, itself is commonly prepared as in Fig. 7(5. The flask contains 



Fig. 76.—Preparation of phosphine. 


pieces of yellow phosphorus, covered 
with sodium hydroxide solution. Air 
is first displaced from the apparatus 
by a current, of coal gas, passed through 
a tube dipping beneath the surface of 
th(‘ liquid. Then, on boiling the solu¬ 
tion, a part, of the phosphorus is oxidized 
to sodium hypophosphile, NaIl 2 PO*, 
and a part reduced to phosphine. 
(Balance equation.) The bubbles of 
phosphine, as they enter the air, 
catch fire and burn to phosphoric 
acid, forming f# . series of “ smoke 
rings.” 


313. The Three Phosphoric Acids.—In spite of the general 
correspondence of compounds of the two (dements, there are more 
acids containing phosphorus than there are containing nitrogen; 




THE THREE PHOSPHORIC ACIDS 


327 


for N 2 O 5 can unite with but one molecule of water, forming 
2 HNO 3 ; while P 2 O 5 can take up water in three distinct stages. 


IVT+Ih-O- 2IIFO, 

^ 2H+ + 2P0 3 ~, 

Ml-tlipIlOH- 

Mcfaphos- 

plioric acid 

phatc 1011 

PA.+2H,0= II 4 P 2 O 7 

J’\ roplms- 
plionc acid 

^ II+H-CIEPAt)- § 255 . 

P,(),+3H,0= 211*1*0* 

(>rt hoplms- 
■ jilioi ic acid 

<=± 2II-* +2(IEP0 4 )- § 255. 


The three phosphoric acids are all of the same stage of oxidation 
(valence of P, +5) but different stages of hydration. 

When wo speak of phosphoric acid, without any qualifying 
prefix, we mean orthophosphoric acid, II 3 PO 4 , which is by far the 
most important of the acids of phosphorus. 

This is formed by oxidizing red phosphorus with concentrated nitric acid 
(see end of § 302). When orthophosphoric acid is strongly heated, it loses 
water m two successive stages, giving pyrophosphoric acid, and then meta- 
phosphonc and. The latter is a glassy, infusible substance, remaining 
unchanged up to a bright white heat. 

Phosphoric acid mav be neutralized in throe stages (primary, secondary, 
and tertiary phosphates). 

Nall-.PO* NnaTIPO* NiuPO* 

Call 4 (P( > 4)2 Cal IPO* Ca*(PO*)j 

314. Superphosphates.—Tricalcium phosphate, or phosphate 
rock, Ca ;i (P() 4 ) 2 , has already been mentioned as the principal 
phosphatic mineral. It is practically insoluble in pure water, and 
is accordingly but slowly absorbed by growing plants, when spread 
upon the soil as a fertilizer. Nevertheless, millions of tons of 
finely ground phosphate rock are used for this purpose, since it is 
gradually brought into solution by carbonic acid and other slightly 
active acids present in the soil. A plant with a vigorous and freely 
branching root-system, such as Indian corn, can make better use 
of such material than one lacking that advantage, 

If ground phosphate rock is treated with a limited amount of 
sulfuric acid, about half concentrated, it, is converted into mono- 
qalcium phosphate, CaH 4 (P0 4 ) 2 , which is soluble: 


Ca 3 (P 0 4 ) 2 + 2 II 2 SO 4 = CaH 4 (P0) 2 +2CaS0 4 . 
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The mixture of monocalcium phosphate and calcium sulfate thus 
produced is called superphosphate. It is one of our most impor¬ 


tant fertilizers. An excess of sulfuric acid, in tin* above reaction, 


would have furnished orthophosphoric acid. 


316. Test for Phosphorus.—Small amounts of phosphorus in organic 
matter are best detected by oxidizing the material with nitric acid, thus 
securing a solution of orthophosphoric acid. To this is added a solution oft 
ammonium molybdate (a substance of variable formula). There is pres¬ 
ently produced a yellow precipitate of ammonium phosphomolybdate, 
(Nil0,1*0r 12M<>().,, namely ammonium phosphate in association with molyb¬ 
denum trioxide. 


316. Arsenic.—Arsenic, the element next belmv^phosphorus in 
the periodic table, is related to it in much the same way that phos¬ 
phorus itself is related to nitrogen. Jt occurs in nature in combina¬ 
tion with many metals, as well as with sulfur. Arsenical pyrites 
(mispickel, FeAsS) is the most important mineral. All tin 4 soluble 
arsenic compounds are extremely poisonous (antidote , colloidal 
ferric hydroxide, § SS). 


During the roasting of sulfide ores 


containing arsenic, the latter 


is oxidized to As^() 3 , which collects as dust in the flues, from this 


the element itself may be prepared by reduction with carbon. 

Like sulfur and phosphorus, arsenic occurs in several allot ropic 
forms. The most common of these is a crystalline, steel-gray 
substance, with a bright “metallic ” luster. Chemically, arsenic 
is definitely a non-metal. Thus it forms no carbonates, nitrates, 
sulfates, acetates, etc.; and though halogen compounds art* known, 
these—like the phosphorus halides—are completely hydrolyzed 
in the presence of a largo excess of water (§ 191). 

317. Arsenic Trioxide and the Arsenites.— Elementary arsenic 
and its combustible compounds burn in the air to form arsenic 
trioxide or arsenious oxide, As-CL. This is a white powder, often 
called white arsenic. It dissolves slightly in wafer to form a mix¬ 
ture of acids of different degrees of hydration (compare § 313). 


AsaOj+ILO = 2HAsO v *=» ID+AhO*- (§ 255), 

Mel arse iikuis 
acid 

As 8 0 3 +3H :i 0= II,AsO a 3=*H+ + (II*AhO,)-(§ 255). 

Ort hoarsen joua 
ucid 


Arsenic trioxide dissolves much more readily in alkalies than in 
water, forming solutions of arsenites. Concentrated hydro- 
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chloric acid dissolves it, forming arsenic trichloride (i.e., arsenious 
ion): 

AsOir+4II+ = As ++4 +2H,>0. 

Write this in molecular form. 

The arsenites an* reducing agents in alkaline solution, being 
oxidized to arsenates: 

As (V - - +Ta+lI a () <=> As().|— + 2II++2I+. 

Since this reaction is reversible, it must be carried out in a faintly alkaline 
solution, in order that the hydrogen-ion produced may be removed as fast, as 
formed (§t»S). In an acid solution, the reverse reaction takes place; i.e., 
arsenate-ion acts as ail oxidizing agent, oxidizing iodide-ion to elementary 
iodine. 

Rewrite the preceding equation, and restate the comments just made, in 
terms of molecules inst ead of ions. 

318. Arsenic Pentoxide and the Arsenates.—Arsenic pentoxide, As*0». 



Fic. 77.—The Marsh test for arsenic. 


dissolves in water to form a mixture of three different arsenic acids, correspond¬ 
ing to the three phosphoric acids (§ did). (Give their names and formulas.) 
Orthoarsenie acid is obtainable as transparent crystals, which lose water on 
heating, forming arsenic pentoxide. 

319. Tests for Arsenic.—1. Both arsenites and arsenates give a yellow 
precipitate, consisting largely of arsenic trisulfide, AS 2 S 3 , when hydrogen sulfide 
is passed into a hot solution, strongly acid with 1101 . 

2. Arsenates give a chocolate-brawn precipitate of silver orthoarsenate, with 
silver nitrate solution. (Give ionic and molecular formulations.) 

3. But the most delicate test, for arsenic is the Marsh test. A hydrogen 
generator is ftet. up as in Fig. 77, with zinc and hydrochloric acid in the flask. 
When t he air has been completely expelled from the apparatus by the escap¬ 
ing hydrogen (Be sure!), the jot is lit at C. 
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On warming the tube at B, no dark stain is produced if arsenic is absent 
from the reagents used. Next, an extract of the material to be tested is poured 
into the generator through the thistle-tube, T. Any arsenic present is imme¬ 
diately reduced to arsine, Aslla, an extremely poisonous gas, which passes out 
with the escaping hydrogen, and is burnt at the jet to arsenic trioxide; 


AsOjj - + 3Zn + 7 f P -4 AsII,+3Zn-n +211,0. 

A rat* in t<‘-1011 

» 

If we continue to heat the outlet tube, at B, the arsine is there* decomposed; 
and elementary arsenic is deposited a little toward the right, as a brilliant dark 
brown or black mirror. As little as 0.1 mg. of arsenic can easily Ik* detected 
by this test. Antimony gives a similar mirror, distinguishable by being non¬ 
volatile and insoluble in a solution of sodium hypochlorite, c 


320. Uses of Arsenic Compounds —Arsenic trioxide is used 
as an insect poison, and by taxidermists as a preservative for skins. 
It is an ingredient of some of our best laboratory glassware (f yrex- 
glass, § 408). An acid copper arsenite, CullAsOa, Scbcele’s green, 
is sometimes used as a pigment. Several of our most, important 
Insecticides for combating leaf-devouring insects contain arsenic: 
Paris green, which is copper arsenite-acetate, Oi^AsOala • - 
(^(CaHaOi*)^; lead arsenate, Pb:i(As().i):>; and solutions of sodium 
arsenite, mixed with molasses. Arsenic sulfide is list'd for dehair- 
ing hides, in the preparation of leather. A number of arsenical 
organic compounds are now used in medicine. 

321. Antimony and Bismuth. —The two elements immediately 
below arsenic in the periodic table are antimony and bismuth. 
These occur in nature both free and as sulfides. Antimony has 
some non-metallic properties; for salts of metantimonie and pyro- 
antimonic acids are well-known. Bismuth, on the other hand, is 
exclusively metallic. No true bismuthates are known. In this, 
as in other groups of the periodic table, increase in atomic weight 
causes an increase in metallic properties. 


Both antimony and bismuth, unlike phosphorus and arsenic, form salts in 
which the element behaves as a metal; sulfates, acetates, carbonates, nitrates, 
etc. In all of these the metal is trivolenti Both antimony and bismuth more¬ 
over form salts containing a radical, (SbO) or (BiO), which acts like a univalent 
metal. These are the antvmonyl and Idsrnvlhyl salts (?.g., KfSbOJCdHOt)* 
potassium antimony! tartrate, or tartar emetic). 


All the antimony and bismuth salts are easily hydrolyzed, 
forming white precipitates (basic salts) of variable composition. 

Thus solutions of antimony trichloride, and bismuth nitrate, on being poured 
into water, give precipitates which may, for simplicity, bo represented by the 
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approximate formulas, SbOCl and BiONOa, the other product being hydro¬ 
chloric or nitric acid. 

(Write equations in molecular and ionic form.) 

Since both of these reactions are reversible, the basic salts concerned may 
be brought into solution by adding an excess of acid. 

On account of hydrolysis it is impossible to have a clear solution 
of a bismuth or antimony salt, except in the presence of active 
mineral acids (or certain organic substances, such as tartaric acid)'. 



Fig. tta .—Kcscart 


til (it til aiiiii i i M in i iiv miei i y , v 1 111 v ( i >ji 

method for determining antimony in : 


alloys. 


322. Uses of Antimony and Bismuth.—Antimony is one of the few sub- 
stanees which resemble water m expanding when they solidify. Its alloys 
with lead have the same property, and are accordingly used for type metal 
(PI), 82; iSb, 15; ttn, 3); the expansion forces the alloy into every minute 
detail of the mold, and gives a much sharper casting than could be obtained 
with such an alloy as brass. Antimony is also used in small quantities to 
toughen and harden lead, for storage-battery grids, piping, gutters, etc. 

Babbitt-metal, or anti-friction alloy, contains tin, eopj>cr and antimony 
(Sn, 75; Bb, 12; Cu, 13). Its value depends on the fact, that the solidified 
alloy consists of hard crystals, which take up most of the pressure, imbedded 
in a sufjcrcooled liquid which is yielding enough to distribute the pressure and 
make automatic adjustment for wear. 

Bismuth is obtained commercially, as a by-product, in the electrolytic 
refining of lead (§ 574). It, is contained in small |K;reentages in a good many 
anti-friction alloys, but is chiefly used in fusible alloys for electric fuses, plugs 
for automatic fire-alarms and automatic sprinkler systems, and sis stereotype 
metal. Most of these fusible alloys contain about 50 f>er cent bismuth, with 
smaller amounts of lead and tin, and sometimes cadmium (i.e. Wood’s metal: 
4 parts of Hi; 2 of Pb; 1 of Su; 1 of Cd; m.p. about 00° C.). 
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323. Graphical Summary. 
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ANALYTICAL TESTS 


Ammonium salts. 

§286 

Nitrites, 

§303 

Nitrates, 

§303 

Phosphorus, 

§316 

Arsenic, 

§319 

Antimony, 

§321 

Bismuth, 

§321 


EXERCISES 

1. Name (he following compounds mid give (ho viiloneo of (ho non-metal 
other than oxygon containod in ouch: 

K,HP0 4) KII.PO,, NIL.PO,, II.PO,, CalMnO,).., K,S,O v , Mg,P 2 () 7 , 

Nu.CivO;, I’ll:,, NnNO,, CaSiOj. 

* 

2. How would you convert: 

UNO;, into NO SO, into I1,S0 4 

HjP0 4 intoUPOg NaIIS0 4 into NasS() 4 

II.S into S SO, into NallSO.i 

3. Which of the changes in the preceding question are oxidation, which 
reduction, which neither? 
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4. Write and balance the equation for the reduction of metaphosphoric 
acid to phosphorus, by means of carbon. 

5. Use your knowledge of the chemical properties of the substances con¬ 
cerned to write equations for: 

(a) Oxidation of red phosphorous to orthophosphorie acid by concen¬ 
trated nitric acid; 

(b) Action of a solution of sodium met a phosphate on one of silver nitrate; 

(r) Heating secondary ammonium phosphate with an excess of sodium 

hydroxide; 

(d) Formation of insoluble calcium pyrophosphate from a solution of 
sodium pyrophosphate. 

(i. What reagents are used in testing for chlorides, sulfates, ammonia, 
nitrates, phosphates? 

What nm.s nr<; lested for? Write ionic equations to illustrate the first 
four cases. 

7. How would you test for: 

(a) Chlorine in potassium chlorate; 

(b) carbon m cane sugar; 

(r) phosphorus m volk of egg; 

(<!) sulfur in hard rubber. 

S. From the properties of the substances concerned, formulate the follow¬ 
ing reactions: 

(rr) Hunting phosphine in air. 

(b) Oxidizing pvrile with concentrated nitric and. 

(r) Dissolving phosphate rock in hydrochloric and. 

( (I ) Dissolving sodium carbonate in a largo excess of phosphoric acid. 

(c) Burning an ordinary match, containing potassium chlorate. 

9. How much iodine is needed to convert 10 g. of red phosphorus into 
orthophosphorie and, by the reaction of § 191. 

10. IIow many liters of air are needed to burn 3.1 g. of phosphorus to 
phosphorus pent oxide? 

11. From the known properties of the substances concerned, make a 
reasonable formulalion of the following reactions: 

(a) Paris green is dissolved in hydrochloric acid; 

(b) Arsine is oxidized by nitric acid to arsenic acid; 

(r) Arsenic pent Oxide is dissolved in an excess of potassium hydroxide; 

(<l) Arsenic acid oxidizes hydrochloric acid; 

(c) Magnesium ammonium arsenate is ignited, expelling ammonia and 
water, and leaving behind a residue of magnesium pyroarsenate; 

(/) Arsenic trioxide is boiled with nitric acid. 


12 . What, is the molecular formula of arsenic (§ 102) if a liter of its vapor, 
recalculated to standard conditions, weighs 13.7 g.? 


13. Write the formulas of: 


stibine, calcium metarsenite, sodium rnetan- 


timonate, basic antimony nitrate, bismuth acetate, bismuth phosphate, 
arsenious sulfide, phosphorous acid. 

M. Write molecular and ionic equations for the reaction which you believe 


will take place when a solution of arsenious acid is oxidized with bromine. 
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324. Organic Chemistry. —The element, carbon is remarkable 
for the immense number of com pounds that it Torms. Listed 
about 30 to a page, these occupy over 4700 pages in a great refer¬ 
ence catalogue, Hichter’s 1 ax ikon (4 vols., 1910). With recent 
additions, the number of carbon compounds known is fully 200,000 
—about twice as many as have been discovered for all the other 
elements together. This overwhelming profusion of mat,('rial is 
the present justification for the practice of giving a special 
name, Organic Chemistry, to the chemistry of the compounds of 
carbon. 

However, this groat number of compounds need not cause dismay; for 
the field of organic chemistry has the advantage of being beautifully systematic. 
The hosts of carbon compounds are marshaled, as by regiments and compa¬ 
nies, into groups and sub-groups of related compounds. A knowledge of the 
properties of a very limited number of individuals—a few in each group, serv¬ 
ing as types for the rest—thus suffices to give one a very fair idea of the general 
as|iect of the science. An organic chemist lias much the same knowledge of his 
subject that a forest ranger has of a forest; he recalls the chief features of the 
landscape, and the principal roads and trails, though he may not know many 
of the individual trees. 

325. The Cycle of Carbon in Nature. —Every important, coun¬ 
try of the globe contains inexhaustible supplies of the important 
carbonate minerals, limestone, chalk, and dolomite (see §§447, 
453). 

These have liecn produced from the calcareous skeletons of living organisms 
that swarm in the water of the ocean, from the Arctic to the Equator, in all 
but the most extreme depths: corals; sponges; shellfish, large and small; 
and a myriad of microscopic forms. The remains of these forms of life make 
up a large part of the sediment that covers the ocean bottom to great depths, 
over more than half the surface of the earth. Most of the present land areas 
are covered with sedimentary rocks, derived from deposits of such material 
uplifted from the beds of former oceans. 
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Carbon, like nitrogen (§ 305), tends to run through a definite 
cycle in nature: 



1. By volcanic action, and by such human activities as the 
“burning ” of limestone to form quicklime (§ 455) and the pro¬ 
duction of pig iron in a blast furnace (§ 192), vast quantities of 
carbon dioxide an' returned to the atmosphere. The action of the 
organic acids of plants on the limestone of the soil releases further 
quantities. 

2. These processes are opposed by the activity of the organisms 
responsible for the formation of chalk and limestone beds in the 
depths of the ocean. 

3. Plants withdraw vast quantities of carbon dioxide from 
the atmosphere, and build it up into complex organic compounds 
of the most diverse sorts, at the expense of the energy of sunlight. 
This process is called photosynthesis. 

4. The respiration of plants and animals, and their decay 
after life has ceased, restore carbon dioxide to the atmosphere, 
and thus tend to counterbalance photosynthesis. 

5. Plant material of former geological ages, compacted and 
chemically altered by pressure and heat, has produced coal. By 
burning this, we now restore vast quantities of carbon dioxide to 
the atmosphere, from which it was long ago abstracted by photo¬ 
synthesis. Thus the heat and light of burning coal represent 
energy stored up in the leaves of green plants, from sunlight that 
fell upon the earth jwrhaps half a million years ago. 
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It is possible that carbon dioxide is being withdrawn from the atmosphere 
by the formation of chalk beds and by photosynthesis more rapidly than it is 
being restored by all opposing processes; but this loss tends to be made good 
from the store of carbon dioxide dissolved in the ocean, which is estimated 
to be as much as forty times the total amount contained in the air. Thus 
it seems likely that the composition of the atmosphere has not changed much 
since present races of men first, appeared upon the earth. 


326. Amorphous Carbon.- When wood, coal, or bone is heat-od 
in a retort, closed to exclude the air, its chemical constituents 
arc completely decoinjiosod, various gases and volatile liquids are 
given off, and amorphous (i.o., non-crystalline) carbon remains 

' behind. The process is called destructive distillation. 

f 

Amorphous carbon thus prepared is always far from pure, 
for it contains all the mineral constituents (ash) of the original 

mat d ial, as well as several per cent of oxy¬ 
gon and hydrogen. The principal forms of 
amorphous carbon arc wood charcoal, cake 
(from coal), bone-black ( = animal charcoal), 
and lamp-black . 

Lamp-black (oil-black or gas-black) is made 
by burning fats, oils, or natural gas in a limited 
supply of air, under a revolving, water-eooled 
trough, of V-shaped eross-seetion (fig 7S). It is 
used for printers’ ink, black enamels, for filling 
rubber (§ 3.W), and as a beat-insulator, for sur¬ 
rounding small furnaces. 

327. Adsorption.—Charcoal made from fruit pits and coeoanut 
shells is dense but highly porous, and is used in gas masks for 
absorbing poisonous gases. Its value depends on its porous nature, 
which gives it ail enormous surface, to which the molecules of gas 
tend to cling. If the gas is a readily condensable one, such as 
ammonia, it is attracted so strongly to t he carbon surface that it is 
condensed to a liquid film, several molecules thick. The process is 
called adsorption. A good sample of charcoal will adsorb several 
hundred times its own volume of ammonia. 



Fig. 7S —Lamp-black 


Charcoal, to bo used in gas masks or in gasoline recovery (§ 34/3), needs to 
lx? “activated ” by treatment at a white heat, wjt.h superheated steam. This 
increases the capacity of the material for adsorbing gases, presumably by the 
destruction of tarry substances that tend to elog the ]tores of tlie untreated 
charcoal. 

Bone-black, another highly porous material, is often used t,o adsorb and 
remove coloring matter from sugar solutions, in the manufacture of white sugar 
(§ 307). Adsorption also plays a part in analytical chemistry; for solutions 
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being filtered often lose a part of their dissolved material, through adsorption 
by the filter paper; and precipitates are often rendered impure by salts 
adsorbed from the solutions in which they are formed. 

328. Coke.—A few years ago, much coke was produced in the 


Fig. 70 —Cross-sect,ion of a 
row of by-product ovens. 
The larger rectangular areas 
are the ovens, which are 
arranged alternately with 
somewhat smaller cham¬ 
bers, in which air and gas 
mingle and burn with an 
intense flame. lieJow the 
retorts are chambers filled 
with brickwork, for pre¬ 
healing the gas and air (as 
described in § 497). 



United States in old-fashioned “ bee-hive ” coking ovens, and 
the volatile products (coal gas, tar, benzene, and ammonia) were 



Fig. 80.—A row of by-product ovens. When an oven is ready to be dis¬ 
charged, the doors are opened and the white-hot coke pushed out by means 
of the long horizontal beam, shown on the apparatus in the foreground, 
and immediately quenched with a stream of water. 


burned or discharged into the atmosphere. But the Great War 
brought such an enormous demand for ammonia to be trans¬ 
formed into nitric acid (§ 298) for the manufacture of muni- 
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tions, that within the four years the industry was revolutionized 
by the installation of by-product ovens (Fig. 79), permitting the 
recovery of the ammonia and benzene formerly wasted. 

Coke is somewhat less porous than charcoal, and contains from 5 to 20 
per cent ash. Its density and hardness depend on the kind of coal from 
which it is made, and the temperature reached in the coking process. Metal¬ 
lurgical coke, used in reducing iron from its ores, needs to be very dense and 
hard, to resist crushing under the weight of the layers of ore and limestoile 
charged in above it in the blast furnace (§ 491). The United States now 
produces over 60,000.000 tons of metallurgical coke each year (1921), over 
half of which comes from by-produet ovens. 

329. Graphite.—When coke or anthracite coal is heated to a 
high temperature in an electric furnace (Fig. 81),*it is converted 
into graphite, a soft, flaky, grayish-black, fairly crystalline form of 
carbon, several times as dense as charcoal (apparent density of 
graphite 2.50; of charcoal, 0.39 to 0.05). Ferric oxide, present in 
small amounts in the ash of the coke or added t o the charge* in the 
furnace, serves to catalyze the transformation of amorphous carbon 
into graphite. 

Graphite differs from the other forms of carbon in being a 
conductor of electricity. Thus it, finds important application in 
preparing copper electrotypes (§ 533). Graphite molded into 
rods with tar, and baked at a high temperature, forms arc-light 
carbons or furnace electrode's. Graphite in colloidal suspension 
in oil or water (gredag, aquadag), is used as a lubricant. 

Veins of natural graphite are found in a number of parts of the* world; 
the best grades come from Ceylon. This material is ground, mixed with clay, 
and molded into pencil-leads or crucibles (for melting metals). 


330. Diamond.—If considerable carbon is dissolved in molten 



Fig. 81.—A graphite furnace. Graphite rods, 
buried in the center of a mass of coke, 
serve to conduct the electric current, until 
the surrounding material has become 
graphitized. 


iron, a portion will crys¬ 
tallize out as graphite 
when the iron solidifies, 
and may be recovered by 
dissolving the metal in 
acid. But when molten 
iron is quenched in cold 
water, ‘ the outer portion 
solidifies first, and, in con¬ 
tracting, exerts an enor¬ 


mous pressure on the rest. Moissan, the discoverer of fluorine 


(§ 179). showed that under these circumstances carbon dissolved 
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in the iron separates as a fine powder, consisting in part of true 
diamonds. 

This process is of no commercial value, for the gems thus produced are 
never of much more than microscopic size; but it helps us to understand that 
diamonds must, have been formed in nature by slow crystallization from iron 
or molten rock at very high temperatures, and under enormous pressures. 
The diamond is, in fact, in an unstable condition at atmospheric pressure, 
tending to pass over into graphite. If this change were not imperceptibly 
slow, at ordinary temperatures, diamonds would soon lose their reputation for 
being a safe investment. At temperatures approaching a red heat, graphitiza- 
tion takes place very rapidly. 

Most, of tlu> diamonds now mined conn* from South Africa. 
Their occurrence there, in and near volcanic pipes, supi>orts the 
theory just given concerning their origin. The diamond is the 
hardest substance known, though closely rivaled in hardness by 
the mineral corundum (AI2O3) and the carbides of boron and silicon, 
(B4C3 and SiC). Imperfect diamonds, Brazilian black diamonds 
( carbonado), and fragments from the cutting of rough diamonds 
in the manufacture of gems are used in drilling rock. Without 
diamond rock-drills, the Panama Canal and our Rocky Mountain 
tunnels might never have been built. 

The brilliance of the diamond is due to its high index of re¬ 
fraction for light, which causes most of the rays that enter it to be 
reflected from the interior. This property is enhanced by skill¬ 
ful cutting. 

331. Properties of Carbon. —The different forms of carbon dif¬ 
fer in color, density, and hardness, but are identical chemically, as 
is shown by the fact that, they all burn in oxygen to form CO 2 . 
Carbon cannot be melted; but at about 3600° C. it vaporizes or 
sublimes. This is, therefore*, the maximum temperature obtain¬ 
able with an electric arc struck between carbon terminals. 

Carbon is quite inert at ordinary temperatures, and is unaf¬ 
fected by boiling with dilute acids and alkalies. Such vigorous 
oxidizing agents as boiling concentrated nitric and sulfuric acids 
dissolve amorphous carbon slowly. Carbon unites directly, at 
high temperatures, not only with oxygen, but with most metals 
and many non-metals. When CaO, SiC> 2 , and many other oxides 
are heated with coke in an electric furnace, they are first reduced 
to the free element, which then unites with the excess of carbon 
to form a carbide. Thus are produced silicon, carbide or carbor¬ 
undum (§ 414) and calcium carbide (§ 457). 
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332. Testing Fuels with a Calorimeter. —The heating values 
of fuels are commonly determined by burning them in a bomb- 
calorimeter. 


This consists of a thick-walled cylindrical vessel or bomb (Fig. 82), lined 
with platinum, or constructed of a specially resistant alloy (illium, § 525) and 
closed with a heavy screw-cap. 

A carefully weighed sample of the substance to be burned is placed in the> 
small platinum cup at A, in contact with a fine iron wire, which is connected, 
through two heavy conductors and the terminals at B, with a pair of storage 
cells. Pure oxygen, under a pressure of about, 20 atmospheres, is introduced 
through the valve 1', at the top. The bomb is then immersed in a known 



U_ LJ 

Fin. 82 —Cross-section of 
calorimeter bomb. 



Fin 83 —Cross-sect ion of calori¬ 
meter, showing bomb in place. 


quantity of water, in a covered, insulated vessel supplied with a delicate ther¬ 
mometer, as shown in Fig. 83. 

When all is ready, the combustible substance within the bomb is ignited 
by closing the circuit for a moment. In the presence of the compressed oxygen, 
it burns away almost instantly, liberating a definite quantity of heat., which is 
conducted through the walls of the bomb, and raises the tomjiernture of the 
water. 

After the water has been stirred for several minutes, the maximum rise in 
temperature may be noted. From this and the weight ’of water used, it is 
easy to calculate how many calories of heat are liberated by the burning. 
This, of course, calls for corrections, not only for the heat liberated by tho com¬ 
bustion of the fine iron wire but also for that absorbed by the bomb, stirrer, 
and calorimeter jacket, or lost by radiation (see Fig. 95). 

333. Carbon Dioxide. —Carbon dioxide gas is produced on a 
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commercial scale, for liquefaction, (1) by alcoholic fermentation 
(§ 357); (2) by burning carbon with an excess of air; and (3) 
by limestone burning (§ 455). It is about one and a half times as 
heavy as air, and fairly soluble in water (about 100 vols. in 100 at 
15° C., and 1 atmosphere). It is easily liquefied by pressure 
alone. 

Carbon dioxide is quite stable at low temperatures, but at a 
white heat it is partially decomposed into carbon monoxide and 
oxygen: 

2C( >2?=±2CO-f C >2 — 58,300 cals. 

Solutions of carbon dioxide in walor are assumed to contain carbonic acid, 
Il-jCO.-i. This is itself unknown, but forms two series of salts, acid carbonates 
or bicarbonates (such as NaHC(),i), and normal carbonates (such as NajC() s 
and CaCOa). These will be discussed hereafter in connection with the other 
commercially important compounds of the metals concerned. 

The chief uses of carbon dioxide are (1) the manufacture of 
bottled carbonated drinks ; (2) the preparation of soda by the 
Solvay process (§ 437); (3) the 
preparation of white lead (§ 580); 

(4) fire extinguishers. 

The common household fire-extin¬ 
guisher contains a bottle, which may 
lie broken or turned upside down, 
spilling sulfuric acid into a solution of 
sodium bicarbonate*. Foamde firc-Joam 
is a froth of carbon dioxide bubble's, 
stabilized (§ dUO) by aluminum hydrox¬ 
ide, together with a small amount of 
some e>rganic subst ance. This has be*e*n 
used veiry effectively to extinguish fires 
in burning oil-tanks. 

334. Carbon Monoxide. — 1. 

In the bottom of a stove or fur¬ 
nace, just above the grates (Fig. 

84), carbon burns to carbon di¬ 
oxide. As this passes upward 
through the bed of red-hot fuel, it 

is reduced to carbon monoxide: Y\r,. 84—Formation and combustion 

e>f carbon monoxide, in a stove or 

C()o + C 200 - 39,000 cals. furnace*. 

(Notice that this reaction absorbs heat). If air is admitted above 
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the solid fuel, through openings in the fire-doors, the carbon 
monoxide there burns to carbon dioxide, with a pale blue flame. 

2. Carbon monoxide is prepared commercially by passing air 
(or a mixture of carbon dioxide and oxygen) upward through a 
deep bed of incandescent coke. 

Why not use pure oxygen (T>(5). ? Pure carbon dioxide? i 

3. Carbon monoxide is the most important, reducing agent 
known to industry. Iron ore, for example, in the upper part of 
the blast furnace (§ -492), is reduced to metallic iron; 

Fe 2 0 3 +3C '()<=>21<V+3( , ()o+S, 4(M) cals. 

A number of other useful metals an* obtained in a similar way. 



Fig. So. —Diagram of a plant for making producer-gas. 


If carbon monoxide lacked this property we should still be living 
in the Stone Age. 

4. Carbon monoxide is extremely poisonous, uniting direct ly 
with the red blood corpuscles, and thus preventing them from 
absorbing oxygen; but prompt breathing of large quantities of 
fresh air, or the use of oxygen in a pulmotor, may displace the car¬ 
bon monoxide and overcome the poisoning. 

Explain this as a case of “ mass action ” (§ 217). 

Carbon monoxide is not very readily condensable, and char- 
coal-filled gas-masks (§ 326) are therefore no protection against it 
(an absorbent is mentioned in § 208). 
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336. Producer Gas. —By burning coal in a gas-producer with a 
limited supply of air, we obtain producer gas, a mixture containing 
about GO per cent Na, 30 per cent CO, and 10 per cent Ha and 
hydrocarbons. 

The supply of air is forced through the producer shaft (.4, Fig. 85) by a 
fan or small compression-pump, or is drawn through by suction created by an 
explosion engine using the finished gas as fuel. After traversing a water- 
cooled condenser (('), the gas passes up a coke-tower (D) in which it is purified 
by a spray of water. This takes out tarry impurities, which would otherwise 
cause carbon troubles m the engine. A by-pass (H) leading to a chimney, 
creates a draft for starting, and is closed when the producer has become hot 
enough to yield combustible gas. Very often, such a furnace is made to yield 
a mixture of producer gas and water gas (§(>9), by passing both air arid steam 
through the charge of coal, in alternate periods of ten or fifteen minutes each. 

The gas-producer is the* most, economical means of using slack coal, or 
coal containing too high a percentage of ash to burn on ordinary grates; for 
carbon monoxide has almost as great a fuel value as the carbon from which it 
comes, and may be burned more efficiently in explosion engines than coal under 
a steam boiler. As our supplies of high-grade coal become more and more 
depleted, producer gas will become more and more important. In the future, 
the energy of coal, through the gas-producer, explosion engine, and electrical 
generator, may perhaps be converted into electrical energy, at the mine itself, 
for transmission to distant points over high-tension lines. 


336. Phosgene and Urea. —When chlorine and carbon monoxide 
are passed together over charcoal as a catalyzer, they unite to form 
phosgene, or carbonyl chloride, COCl 2 . This is an intensely poi¬ 
sonous, volatile liquid (B.P. 8° (\). It is the most important of 
the toxic military gases, and is now used in considerable quantities 
in the manufacture of dyes. 

When phosgene is treated with ammonia, the two chlorine 
atoms are replaced by two amino groups (—NH 2 ), giving a white 
crystalline solid, urea, CO(NlI;>) 2 . This is of historical interest 
as being the first organic compound to be synthesized in the 
laboratory from materials not themselves derived from living 
plants and animals (1828). Urea is the principal form in which 
waste nitrogen is eliminated from the body, through the kidneys. 
An adult person excretes about 30 grams in a day. 

Notice the close relationship between these three substances: 


HO 


nh 2 

■>CO 

NIV 

Vx> 

>co 

tic/ 

or 

Carbonic acid 

Thosgenc 

Urea 


337. Carbon Disulfide. —When sulfur vapor’is passed over red- 
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hot carlxm in an oil-fired or electric furnace, the product is carbon 
disulfide (or bisulfide), a colorless, volatile, highly refractive 
liquid. Its vapors are dangerously explosive when mixed with 
air, and so inflammable that they may be ignited by a hot glass rod. 
Carbon bisulfide is an excellent solvent, employed for extracting 
oils from seeds, for vulcanizing rubber and for manufacturing 
“ artificial-silk ” (§ 370). Farmers frequently pour small amounts 
into the tunnels of rodents, or into tight boxes containing insect- 
infected seeds—thus taking practical advantage of the volatility 
and poisonous properties of the liquid. 

338. Cyanogen, Hydrocyanic Acid, and the Cyanides. —(las 
produced by the destructive distillation of coal (§ 2S3) contains 
not only ammonia but a number of other compounds of nitrogen, 
including tract's of cyanogen, (CN)^, a poisonous, readily conden¬ 
sable gas. This is removed in the purification of the coal gas 
as potassium ferrocyanide, K|Fe(CN)<-, (yellow crystals, § 505). 
When this salt is heated it is decomposed, yielding potassium 
cyanide, KCN: 

K 4 Fe(CN)r. = d KCN + 1V+2C+N2. 


The cyanides are intensely poisonous substances, salts of 
hydrocyanic acid, HCN. Potassium and sodium cyanides are used 
in extracting gold from its ores (§ 540). 

Hydrocyanic acid itself (sometimes called prussic acid) is an intensely poi¬ 
sonous volatile liquid (h.p. 2(> r ('.) prepared hv distilling cyanides with dilute 
sulfuric acid: 

KCN + H 2 S<> 4 = KIIS(>4+IICN 1 . 

It. is an extremely inoetire acid, and sodium and potassium cyanides accordingly 
react, alkaline toward litmus (§§ 111, 209). Even the earl ionic acid of the. 
atmosphere will displace hydrocyanic acid from its salts; hence one should 
take care never to inhale the vapors from a cyanide solution. 


EXERCISES 

1. What is the purpose of the clay in crucibles and lead pencils? 

2. From the stated solubility of carbon dioxide (§ 333) and the Law of 
Henry (§ 128) calculate the weight, of carbon dioxide held in solution in one 
liter of a carbonated drink, under a pressure of 20 lbs. per square inch above 
atmospheric, pressure, neglecting the formation of carbonic acid. 

3. From the composition of air by volume (§ 280) calculate the percentage 
of CO in a fuel gas made by passing air through a bod of white-hot coke. 

4. Assuming the proteins (§388) to contain an average of 1(5 per cent 
nitrogen, what weight of protein is represented by a daily excretion of 30 g. 
of urea? 
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5. What weight, of sodium cyanide, 00 per cent pure, is needed to pro¬ 
duce I eu. m. of hydrogen cyanide gas? 

0. Which gives vapors of the higher density, carbon bisulfide or phosgene, 
and in about what ratio? 

7. What weight of coke, containing 10 per cent ash, is needed to product; 
1000 eu. m. of carbon monoxide, at standard conditions (§ 147)? 

S. What volume of air at standard conditions is needed to burn 1 lb. of 
pure carbon to produce carbon dioxide (§ 147)? 

9. Draw up a table of the uses of the different forms of carl>on, based on 
material obtained from the encyclopa-dia, or a chemical dictionary. 

10. Enumerate the elements thus far studied that exist in two or more 
allot ropic foims 

11 How can air be freed from carbon dioxide? Tell how the percentage 
of carbon dioxide iy the an is determined 

12 How much anhydrous sodium carbonate is needed to piepaie, a liter 
of cartam dioxide pas, dry. at 10° (', and 710 mm barometric pleasure? 

Id Describe two methods, d ill cron t in principle, ‘‘or obtaining carbon 
dioxide from limestone How could you list* one* of th n se methods to deter¬ 
mine the percentage of limestone in a mixture of limestone and clay? 

11. How could >ou separate the two gases in a mixture of carbon monoxide 
and carbon dioxide, and obtain both ol the gases in a pure condition? 

15 What volume of water gas (§09) can be obtained from 12 g of car¬ 
bon? What volume of air (assumed one-lifth oxygen by volume) is needed 
to completely burn this volume of water gas? 

10 What volume of carbon dioxide gas is needed to react with the barium 
hydroxide contained in 1 liter of N/5 solution to form a precipitate of barium 
earbonute? 
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HYDROCARBONS 

339. Sources of the Hydrocarbons— Com pounds containing 
carbon and hydrogen only art' known as hydrocarbons. The most 
important natural sources of those 1 arc natural gas, petroleum, coal 
gas, coal tar, and the sap (turpentine, rubber) from certain species 
of trees. These all consist of mixtures of hydrocarbons, with 
smaller amount s of oilier subst anees. Alt ogot her, several thousand 
different hydrocarbons art' known. 

340. Unsaturated and Saturated Hydrocarbons.— Many hydro¬ 
carbons unite directly with hydrogen or a halogen (often only in 
the presence of a catalytic agent). These are the unsaturated 
hydrocarbons: 

C,H, + 201, = 0.11,01,. 

AtrljK'iif \ (■*•! \ li'iic 

tc-Tiiirhloi id 

Other hydrocarbons art' saturated. They will not unite 
directly with either hydrogen or the halogens; though chlorine or 
bromine will re place hydrogen (.substitution): 

OH, + Cl: = Oil,Cl + 1101. 

Met hunt- Mrthvl 

C'lilorido 

The chlorinated hydrocarbons, prepared from unsat united hydrocarbons by 
direct addition, from saturated hydrocarbons by substitution, and in various 
other ways, include chloroform, 01101,,, and a number of other useful sub¬ 
stances (carbon tetrachloride, (’Ob; acetylene tetrachloride, 0,11,01,,; etc.). 
They are valuable' solvents for fats and oils, and have tin* advantage over gaso¬ 
line and carbon disulfide of being non-inflaimnable (dry cleaning). 

341. The Paraffin Series— If natural gas, or the lower-boiling 
portion of American petroleum, is subjected to elaborate and 
repeated fractional distillation, it can be separated (rather im¬ 
perfectly) into a series of closely related hydrocarbons. The first 
six are: 
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Methane, 

CII 4 

Gets, 

B. P. 

— 1G4 

Ethane, 

C,llr, 

G its, 

B. 1». 

- 85 

Propane, 

C,H* 

(las, 

B. P. 

- 37 

B atone. 

Cbllu. 

Gas, 

B. P. 

1 

Pentane, 

Chi I. 2 

Liquid, 

B. P. 

38 

Hexane, 

Cr.Hu 

Liquid, 

B. 1*. 

71 


Each of these formulas, after the first, may be derived from the 
preceding one by addition of CH 2 . 

Following hexane, other members of the series are known, without omission, 
as far as C^IIso; and a few of still higher molecular weight. After the first 
four, the names art' derived from Creek numerals. Thus, the eighth is octane, 
CkHikJ and the teyth deeane, (hull.... Notice the fairly regular increase of 
boiling point with increasing molecular weight. The first four members are 
gases at room temperature, the next, twelve art' liquids, and the following ones 
are solids. 


The most conspicuous property of these paraffin or marsh gas 
hydrocarbons is their chemical inertness. Thus, kerosene and 
paraffin (both mixtures of these hydrocarbons) are not affected 
by prolonged boiling with concentrated sodium hydroxide or con¬ 
centrated sulfuric acid; they are only very slightly affected by such 
vigorous oxidizing agents as concentrated nitric acid or chromic 
acid. Chlorine and bromine, however, act upon them readily 
(§ 340), replacing part or all of their hydrogen. 

342. Structural Formulas of the Paraffin Hydrocarbons.— 
Review § 124. If carbon be considered as having a definite valence 
of four, then the only hydrocarbon we might expect to exist would 
be OII-i. To account for the numerous other hydrocarbons, 
it is necessary to assume that one or more of the four valences of 
any given carbon atom are employed in connecting it to other 
carbon atoms. Representing each unit of valence by a dash or 
dot (commonly called a bond), we may write the structural for¬ 
mulas of the first four paraffin hydrocarbons as follows: 


II II H 

I I I 

H—C—II, H—C—C—II, 

I ’ll 

II H II 

otherwise written— 

CII4, Cl I3-CMa, 

Methunc Et.lmne 


II II II 


H II IT H 


II— C— <4— C—II, II—C—C—C—C—H; 

III I I I I 

II H H II II II II 


CII3 • CII 2 • CII3, CUa • C1I 2 • OH 2 • CH 3 . 

Propane Butane 


It will be noticed that there are two hydrogen atoms attached 



348 


HYDROCARBONS 


to each carbon atom, with two extra hydrogen atoms at the two 
ends of the chain. Thus, for every n carbon atoms there are 2n+2 
hydrogen atoms, and the general formula of the paraffin hydro¬ 
carbons IS C^H2n -f S' 

Only one hydrocarbon is known of the formula OII 4 , one of 
the fonnula C 2 H 0 , and one of the formula 0{H«; but there arej 
two different butanes, C.jHjo, with entirely distinct pre>pe*rties, 
three different pentanes, C 5 H 12 , and a larger numbor still of 
hydrocarbons of higher molecular weight.. The explanation is 
that the carbon atoms forming the more complicated molecules may 
be arranged or combined with one another in a mfTnber of different, 
ways. Each of these different “architectural plans ” results in a 
different kind of molecule, and accordingly in a different substance. 

It, is usually possible to tell which of several different possible 
plans corresponds to a, given compound. The three pentanes, 
for example, have the structural formulas— 


II P. as* 

II II II 

I ! I 

ihc- c—c—r—(’ll., 

ill 

II 11 11 


B P :«)" 

II 

ii,<\ ! 

rib, 

IlaC/ I | 

II II 


B IV 5> 5°. 
(’II, 

I 

1I,C—(■—(TI, 

I 

CI1, 


Substances having the same percentage composition but dif¬ 
ferent, properties are calk'd isomers. An important confirmation 
of the theory by which wo account for their existence is found 
in the circumstance that no one has over yet discovered more 
isomers of a given substance* than corresponds to the different 
possible* ways of arranging its atoms in space (while* assigning to 
each e*le*me*nt its customary vale*ne*e*). Isomers are* kimwn among 
inorganic compounds, but are not ve*ry common. 

343. Petroleum. —Petrolemm is a heavy viscous oil, greenish- 
brown to black in color. The worlel’s annual productiem was 
about 97,000,000 tons in 1920, and is incre*asing very rapidly, by 
the opening of ne*w ele*posits. At pre*se*nt, the United State's fur¬ 
nishes about two-thirds of the* whole; the eithe*r chief produe*e*rs, 
in order, during the past, twenty years, have be*e*n Russia, Mexico, 
the Duteh East Indie's, and Roumania. 

Petroleum varies greatly in quality ae*coreIing to locality. 
That coming from Pennsylvania anel ne*ighboring st,iite*s consists 
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largely of hydrocarbons of the paraffin series. When the more 
volatile portions are distilled off, it leaves behind a solid residue, 
which is paraffin. California petroleum contains larger quantities 
of nitrogenous compounds, and on distillation, leaves a residue 
of asphalt. That from Texas and Oklahoma is variable, but for 
the most part is intermediate in chemical composition between the 
Pennsylvania and California, oils. 

The petroleum obtained from the well is transported in tnnk-ears or pipe 
lines. After settling, -to remove sediment and water, it is distilled from large 
horizontal iron stills, set in brickwork, and heated by a direct flame or sujier- 
heated steam. If Hie oil contains more than traces of sulfur compounds, these 
art' decomposed by heating hi stills containing copper oxide, agitated by me¬ 
chanical stirrers (CuS is formed—l'Vaseh process). If the percentage of sulfur 
compounds is very high, they mnv often be removed by heating the oil with a 
solution of PbO in NaOII fi.c., sodium plumbite, § f>77). 


344. Distillation of Petroleum. Petroleum, after being puri¬ 
fied as just described, is separated into a number of commercial 
products (themselves still mixtures of hydrocarbons) by a process 
of fractional distillation (§ 83). A preliminary distillation sepa¬ 
rates the petroleum into several fractious, which are purified by 
agitation with concentrated sulfuric acid, washed with water, 
and distilled again. The nature of the final products depends on 
the composition of the original petroleum; it varies also with the 
state of the market, since an effort, is always made to increase the 
yield of the fractions for which there is the most demand, at the 
expense of the rest. In a general way, the products arc as follows: 


Petroleum ether, 
Naphtha 

Motor fuel (gasoline) 

Kerosene 

Fuel oil 

Light lubricating oil 
Heavy lubricating oil 
Vaseline 
Paraffin 
Petroleum coke 


B. P. 4()°- 70° C. 

SO"-120°. 
B. P. (K)"-190°. 
B. P. 150° 250°. 
B. P. 25U°-350°. 


Distilled with super¬ 
heated steam.* 


* When a liquid not completely miscible with water (§ 93) is heated in a 
current of steam, it is volatilized at a temperature lower than its boiling jioint, 
for the vapor pressure of water is then added to its own vapor pressure, to aid in 
overcoming the pressure of the atmosphere. 
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345. Motor Fuel. —The United States now has about 6,000,000 
automobiles (1922), and the demand for motor fuel (gasoline) is 
enormous. At an average of two gallons for eaeh motor each day, 
the yearly consumption in this country would be more than four 
billion gallons. 

1. The gasoline on the market, before the sudden rise of the 
automotive industry, was distilled from petroleum within a very 
narrow range, say from 00° to 90° C., like the special grades now 
used for airplane engines. At present the range has been extended 
to include less volatile hydrocarbons formerly marketed as kero¬ 
sene, with boiling points ranging up to nearly 20fi° C. 

2. A considerable amount of gasoline is now obtained from 
natural gas. 

This is chiefly methane, with smaller amounts of other paraffin hydro¬ 
carbons of low molecular weight. It has been found in many different parts 
of the world, nearly always in association with petroleum. By cooling natural 
gas, after compressing it to lf> or 20 atmospheres, the heavier constituents— 
chiefly pentane and hexane—are condensed to form “casing-head gasoline .” 
Recently a method has been developed for extracting gasoline from natural 
gas by adsorption w lth aeliraled charcoal (§ 320). In either ease, the product is 
blended with the less volatile material obtained by the fractional distillation of 
petroleum. 

3. A third important source of fuel for internal combustion 
engines is fuel oil. 

This is a hydrocarbon fraction obtained in the distillation of petroleum with 
fouling point between about, 250" and 350". It is too non-volatile to make 
good illuminating oil (kerosene; but, too light for lubricating oil. To convert 
it into motor fuel, the hydrocarbons that it contains must be decomposed to 
form those of lower molecular weight—a process calk'd “ cracking.’’ Several 
methods are in use for accomplishing this result, but the most successful one is 
the Burton process. 

Fuel oil is charged into large retorts and distilled under a pressure of 5 to G 
atmospheres. By this means the boiling point, of the material is raised to a 
temperature at which decomposition lakes place, producing about 30 per cent 
of volatile liquid products fmostly unsaturated hydrocarbons) suitable for 
blending with gasoline obtained directly by distillation of petroleum. In 
addition, considerable quantities of uncondensable gases are liberated. The 
undistilled residue, amounting to about two-thirds of the original material, 
may be burned under retorts or boilers with the aid of a jet of steam, in the 
same way as crude-oil. 

346. Acetylene.— When calcium carbide (§§ 457, 284) is 
treated with water, acetylene, an important ilhiminant, is evolved: 

CaCa+2IIOI1 = Ca(0 JI )a+C 2 II 2 1. 
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This is a colorless gas, with a characteristic odor. It burns with a 
highly luminous flame. The oxy-acetylcne flame used for cutting 
and welding metals (§59) reaches a temperature of about 2700° C. 
This is several hundred degrees higher than the oxy-hydrogen 
flame, and only exceeded by the electric arc (3600° C.). 

Compressed acetylene is highly dangerous, for it may he exploded by shock 
or by catalytic action of impurities, decomposing into its elements. This dif¬ 
ficulty is met. by dissolving the gas m acetone (prcst-o-lilc). Traces of acety- ' 
lene may be detected by bubbling coal gas or other mixed gases through an 
ammoniaeal solution of cuprous chloride. An explosive red precipitate is 
formed, cuprous acetylide, Cu-CV 


347. Coal-G^s.— I )estrucliv<‘ distillation of soft coal is the most 
important source, not. only of ammonium salts (§ 283), but also of 



domestic fuel gas .and of a group of hydrocarbons that serve as 
the starting point in the manufacture of nearly all the important 
dyestuffs. 


Figure 89 gives a simplified outline of a coal-gas plant, such as is found in 
almost every town and city. Coal is charged into closed retorts, It, of fused 
silica (§ 400) heated by direct Haines. The volatile products bubble through 
water in a hydraulic main, M, where most of the solid and liquid products of 
distillation are separated (tar). The gas next passes to a series of cooling 
pipes, C, in which it is separated from a further quantity of tar. It then 
passes upward through a scrubbing tower, 8, filled with loose coke over which 
water is sprayed. 'Phis dissolves and removes most, of the ammonia and a part 
of the hydrogen sulfide. From the purifier, P, filled with quicklime or iron 
oxide, which takes out most of the remaining hydrogen sulfide, the gas passes 
to the storage-tank, or gas-holder, II, and thence to the distribution mains. 


Purified coal-gas is about half hydrogen and one-third methane, 
with perhaps 10 per cent of carbon monoxide, and small percentages 
of unsaturated hydrocarbons and benzene vapors. It is these 
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latter that are responsible for most of the luminosity of coal-gas, for 
methane and hydrogen burn with flames that are almost colorless. 
Coal-gas prepared as above is commonly mixed with an equal 
volume of water-gas (§09) before being distributed for domestic 
use through the city gas mains. 

If is fi f;ief. of some practical importance that carbon monoxide and hydro¬ 
gen burn will) nearly colorless flames, while benzene vapor, acetylene, and 
unsaturated hydrocarbons in general give luminous flames. This is very 
easily explained. The latter substances are easily decomposed by heat, lib¬ 
erating finely divided carbon, which is speedily raised to incandescence. 
But. the temperature lias a great deal to do with the luminosity, for even a 
hydrogen flame will become luminous if the cylinder of the burner is heated 
from outside; while a coil of heavy copper wire, let dovtn over a luminous 
flame, will decrease its luminosity. Ammonia burns in oxygen with a yellow 
flame, though it contains no carbon at all (§ 28Sj. 



Fid. 87. Fki 88. 


Fid. 87.—Structure of a Bunsen flame 

Fid 88.—A flame within a Maine Below is a small flame of air, burning in 
an atmosphere of gas; above a larger one of gas, burning in air. 

348. The Bunsen Flame. —If a Bunsen flame; is rendered lumi¬ 
nous by partly closing the holes at the base, three or four distinct 
cones are revealed, one within the; other (Fig. 87). The inner¬ 
most colorless cone (1) consists of a mixt ure of gas and air, which 
has not yet reached the kindling temperat ure. In the bluish-green 
cone (2), hydrogen and carbon monoxide tire burning, liberating 
heat enough to decompose some of the unsaturated hydrocarbons, 
with the separation of carbon. In the luminous cone (3), carbon 
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monoxide, hydrogen, and methane continue to burn; and as the 
incandescent carbon particles drift upward and outward, they too 
are consumed. The outer margin of this third cone marks the 
place of their complete disappearance. Finally, there is an invisible 
cone (4) in which the combustion of the carbon monoxide and 
hydrogen is completed, with the aid of oxygen withdrawn from the 
air surrounding (he flame. 

If more air is admit ted at the base of the burner, the supply of 
oxygen is sufficient to consume the carbon particles at the instant 
of their liberation, and the flame is almost non-luminous. Yet 
even then there js an insufficient supply of air in the interior of 
the flame; and the gas in and just above the cone (2) will take 
oxygen from anything that can supply it—from oxides of the 
heavy metals, for example. This is therefore calk'd the reducing 
zone. Hut the outer margin of tin 4 flame is an oxidizing zone, 
for there here a high temperature and a plentiful supply of 
oxygen. 

The tomperatiin f :i flume is lowest (200° to 300° C.) in the innermost 

none, and highest (1550° C.) 
just above the reducing flame; 
hut such an extreme teinjicra- 
t ure is reached only locally. 
It lakes a very good burner to 
heat, the contents of oven a 
small crucible above 1(KK)° O. 

In the bias!-lamp (Fig. 88), 
compressed air and gas, led in 
by separate tubes, intermingle 
in nearly 1 he* right proportions 
for instantaneous ami complete 
combustion. The flame is 
thus very much decreased in 
volume and correspondingly 
increased in temperature, and 
is actually several hundred de¬ 
grees hotter than a Bunsen 
flame. 



349. Some Thermochemical Calculations. —Review §218. 
Thermochemical equations arc of great assistance in calculations 
dealing with the heating value of fuels. The equation, 

2(' (graphite)+02 = 2CX)+5S,320 cals. 


indicates that 2 gram-atoms (=21 g.) of carbon, in the form of 
graphite, when burned in a limited supply of oxygen, produces 
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2 moles = 56 g. = 44.8 liters (at standard conditions) of carbon 
monoxide gas, liberating 58,320 calories of heat in the process. 
Such equations, when they deal with gases, are readily converted 
to the English system by rememl>ering that 200 cu. ft. of any 
gas correspond to as many B.t.u. (Appendix Ii) as one mole cor¬ 
responds to calories. Thus, in the case just considered, 2X200 = 
400 cu. ft. of gas are produced for every 58,320 B.t.u. of heat lil> L 
erated. 



Fig. 90. —Towers for recovering benzene from coal-gas. 


Thermochemical equations may be added or subtracted as if 
they were ordinary algebraical equations. Thus, let the equation, 

2CO+0 2 = 2C0 2 +136,100 cals., 

lie added directly to the equation first given. We may then 
cancel out 2CO, which is common to both sides of the equation, 
and finally divide through by 2. Thus we obtain, 

C+0 2 = (■ 0 2 +97,210 cals. 

for the heat liberated in oxidizing one gram-atom of carbon, 
directly to carbon dioxide. This illustrates the principle that if a 
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chemical reaction takes place in several successive steps, the sum 
of the quantities of heat so liberated will be the same as if it had 
taken place in a single step. (Law of Hess.) 

350. Asphalt, Bitumen.—The heavy, black, solid residue, left in the retort 
after the more volatile constit.uents of California or Mexican petroleum have 
been distilled olT, is called asphalt. It consists of unsaturated hydrocarbons 
of high molecular weight, associated with oxygen-containing bodies of obscure 
character, and smaller quantities of compounds containing nitrogen and sulfur; 
Natural deposits arc* found in many parts of the world, notably as the famous 
Trinidad Lake containing several million tons, on an island off the coast of 
Venezuela. The material varies in composition and characteristics, according 
to its origin. 

Trinidad asphejt is solid, and will not, melt when thrown into boiling water. 
It is used for paving and roofing, and for making black varnishes and lacquers. 
Material of similar nature, of lower melting point, and perhaps semi-liquid at 
ordinary temperatures, is called bitumntyv r mineral pitch. It has been used 
from the times of the Ancient Egyptians and Babylonians down to the present 
day, for caulking the seams of ships, for setting stones in courses of masonry, 
and for waterproofing wood, 

351. Benzene, Toluene, and Xylene. —Modern coking ovens, 
for the production of metallurgical coke (§ 328) are often equipped 
with means for recovering not only ammonia but a number of other 
by-products. The gas from the retorts is first purified, as just 
described for domestic coal-gas. It is then passed upward through 
a scries of steel towers (Fig. 90) filled with tile or brickwork, down 
which trickles a current of heavy fuel oil, carefully freed by dis¬ 
tillation from all the volatile constituents of ordinary petroleum. 
This dissolves and removes from the gas the vapors of benzene 
and several other hydrocarbons (chiefly toluene and xylene), 
which are liquid at ordinary temperatures, but so volatile that they 
cun be separated from the gaseous products of distillation only by 
the use of a solvent. 

Benzene is now used in very large amounts in the manufacture of phenol 
(sometimes called “ carbolic acid Benzene is also an important solvent for 
rubber, the solution being used for impregnating fabrics in the manufacture of 
waterproof clothing, and casings for automobile tires. It is often blended 
with gasoline, for use as a motor fuel. Benzene, toluene, and xylene are all 
used in the manufacture of explosives, dyes, drugs, perfumes, and photo¬ 
graphic chemicals. 

352. Coal-tar Products. —Coal-tar is a heavy, black, sticky 
fluid of unpleasant odor; but, in spite of its disagreeable qualities, 
it is one of the most useful substances known. From it are derived, 
directly or indirectly, a great number of brilliant dyes, valuable 
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drugs, explosives, antiseptics, and perfumes. It gives us water¬ 
proof paints and enamels, phonograph records, automobile fuel, 
electrical insulation, wood preservatives, roofing, and roads. 



353. Rubber.— Rubber for caoutchouc) is a complex hydro¬ 
carbon, or mixture of hydrocarbons, of the formula (( V,Ils)». This 
indicates that its molecule is an unknown and probably variable 
multiple of the group (711s. A simple hydrocarbon, isoprene, 


having the formula ( 7,1 Ik, 


obtained by the destructive distillation 


of rubber; 


and rubber of an inferior sort has been made from iso¬ 


prene. 

Such a union of two or more identical simple molecules to form 
a more complex molecule is called polymerization. Rubber is thus 
often referred to as a polymer of isoprene. Although we know this 
much concerning the structure of the rubier molecule, its produc¬ 
tion from cheap materials, in duplication of the natural product, is 
one of the problems that organic chemistry has yet to solve. 


Rubber is produced by several hundred species of plants, mostly natives 
of the tropics, though hardly more than half a dozen of these species are of any 
commercial importance. The world’s consumption of rubber is above 300,000 
tons a year, of which more 1 ban a third is worked up in the one city of Akron, 
Ohio. Rubber is drawn from the plant as a milky latex, which consists of a 
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colloidal solution (§91) of rubber dispersed in a watery fluid. The colloidal 
part,ides seem to bo covered over and stabilized by a coating of other mate¬ 
rial; but acetic acid, or the acrid smoke from a wood tire, causes the droplets 
of rubber to coagulate, or gather together in a curdy mass. The product is 
eriula rubber. This is finely ground and washed with running water to remove 
impurities, then kneaded with one of the so-called tillers, the best of which arc 
lum[t-blacl: and zinc oxide. These, and the kneading process itself, increase the 
toughness, hardness, and tensile strength of the rubber. 

Pure rubber is sticky in warm weather, and almost as stiff as sheet iron 
when cold. To overcome i liese faults, and to enable it to remain pliable over a 
greater range of temporalure, it is blended with sulfur, in a piocess called vul¬ 
canizing. For this, either sulfur itself is used (hot vulcanizing) or, less com¬ 
monly, some compound which will slowly liberate sulfur in a finely divided 
condition. Vulcanization is assumed to consist, at least in part, in a chemical 
union of Iho sulfur%vith the unsaturated hydrocarbon molecule; but its exact 
nature is still unkmmn. Many substances are known which serve as nece.l- 
emtors of the vulcanizing process; zinc oxide has this property, in addition to 
serving as a filler. "With the best of these accelerators, it is possible to vul¬ 
canize rubber at loom temperature in a few hours’ time. /lard rubber contains 
up to 30 per cent sulfur. * 

354. Essential Oils. Turpentine and Rosin.— Many plants 
produce oily liquids of aromatic odor, easily volatilized in a current 
of steam, and consisting of a mixture of organic substances, among 
which hydrocarbons are conspicuous. These are the essential oils. 
Examples arc* the oils of lemon and eucalyptus, as well as the per¬ 
fumes distilled from the leaves and flowers of many plants. 

The essential oils differ from the mineral oils, discussed at the 
beginning of this chapter, in consisting of unsaturated hydro¬ 
carbons (§310), intermingled with considerable quantities of sub¬ 
stances (such as esters, §301) which an* not hydrocarbons at all; 
they difTer from the edible fats and oils (§ 302) in not being con¬ 
vertible into soaps' by boiling with alkalies. 

The most important essential oil is turpentine. When purified 
by distillation in a current of steam (footnote, §311), it consists 
largely of the hydrocarbon pinenc, (’lollio- The residue left 
behind, at the end of the distillation, is rosin, an impure organic 
acid of complex constitution. American turpentine is derived 
from the long-leaf pine of the Southern States. 

Over 200,000 tons of furponfine each year arc used—-chiefly in admixture 
with linseed oil (§ 3<>‘2j—as a cons! it uent of paints. Turpentine owes its value 
1 ,o the, fact that it dries slowly by oxidation, being converted into a glossy, 
solid film, which clings tightly to the painted surface. An interesting industry 
connected with furpenline depends on the fact that pinene, its chief chemical 
constituent,, may be converted into synthetic perfumes (§37-1) and artificial 
camphor, identical in chemical composition with the natural products. 
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Fin. 90A.—An unexploited source of hydrocarbons. A view of a part of 
the enormous oil-shale deposits of Utah. The darker streaks are the 
richer beds. If. is estimated that these deposits are capable of yielding 
forty billion barrels of oil, and half a billion tons of ammonium sulfate. 
But numerous problems concerning the mining and destructive dis¬ 
tillation of this shale still need to be solved, while the difficulties to be met, 
in refining shale-oil to produce acceptable motor fuel are likely to prove 
very serious. 


EXERCISES 

1. Illustrate the difference between an empirical formula and a structural 
formula. 

2. What are isomers? Show that there are four isomeric hexanes, CrJIu. 

3. Write the structural formula of propane, and show that there are four 
different diclilor-propanes obtainable from it, according to the positions rela¬ 
tive to each other of the two hydrogen atoms replaced by chlorine. 

4. Does your state produce any petroleum? What are the prospects of 
future development? What is the chemical character of local pel roleum, where 
is it refined, and what are the products of refining? (Reports of State Geolo¬ 
gist, or references furnished by instructor.) 

5. What are the three principal sources of motor fuel? What qualities 
other than heating value, in calories, need to be considered in the purchase of 
a motor fuel? 

6. Draw up a chart or flow sheet (after the fashion of § 352) to show the 
principal operations in the refining and fractional distillation of petroleum, and 
the uses of the chief products. 

7. Distinguish between hydrocarbons and carbohydrates (§ 3G5). 

8. Calculate the relative weights of water and carbon dioxide produced 
by burning a fuel of the average composition, CeHi t . 

9. Write a brief report on the characteristics of the different types of coal 
(encyclopaedia or chemical dictionaries). What are the characteristics of the 
nearest local deposits? 
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355. Alcohols.^-An alcohol is an organic compound consist¬ 
ing of a hydrocarbon radical in combination with one or more 
hydroxyl groups* (example, C 2 H 5 OH). 

Methyl alcohol (methanol) or wood alcohol, CH ;i OH, is ob¬ 
tained by the destructive distillation of wood. Recently, it has 
been synthesized very cheaply by direct union of carbon monoxide 
and hydrogen, in presence of a catalyzer (§7G): 

C()+2II 2 = CII:jOTI. 

It is intensely poisonous, a very small quantity being suf¬ 
ficient t,o cause death or permanent blindness. It is used in 
the manufacture of formaldehyde, as a solvent in the preparation 
of varnishes, and for denaturing grain alcohol, and is the most 
promising future source of automotive fuel. 

Ethyl alcohol (ethanol) or grain alcohol, C2H5OH, is one of the 
half dozen most useful organic substances; and, next to water, the 
most important solvent. It is made by the action of any one of a 
number of different microorganisms on sugar—a process called 
fermentation. Rut ethyl alcohol prepared in this way is always 
associated with small amounts of alcohols of higher molecular 
weight (for example, propyl alcohol, C3H7OH; butyl alcohol, 
C-iH.iOH; amyl alcohol, C5H11OH). These higher alcohols 
arc oily liquids, collectively known as fusel oil. Several of them 
have recently become of great commercial importance, as solvents 
in the preparation of lacquers. 

The most, important higher alcohol is normal butyl alcohol, 
which is used in the preparation of normal butyl acetate, a valuable 
solvent (§ 301). Normal butyl alcohol is manufactured on a large 
scale by a fermentation process. Com mash, carefully sterilized 
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by heal, is inoculated with spores of Weizmann bacteria, which 
ferments starch directly to normal butyl alcohol and acetone. Air 
must be rigidly excluded, by carrying out the fermentation in 
deep vats or in the presence of hydrogen, and extreme precautions 
need to be taken to prevent, foreign organisms from entering. 
To accomplish all this on a large scale* has calk'd for the* develop- t 
ment of methods that make this the world's outstanding example 
of Bacteriological Engineering—such interesting details as coin 
mash circulated through pipes previously sterilized by high- 
pressure steam; circulation pumps with pistons passing through 
loose packings wet with a solution of phenol (catholic acid); and 
elaborate provisions for isolating a single spore of bacteria, and 
then propagating from this a pure culture sufficient to ferment the 
contents of a vat 20 feet in diameter and 20 feet deep. 

Another useful higher alcohol is isopropyl alcohol, 
(CHabjC’HOII, which is synthesized from the propylene gas, 
(VI To, that results from the cracking of fuel oil in the manufacture 
of gasoline (§ 315). This is but one of a series of useful substances, 
other than hydrocarbons, which have recently been synthesized 
from petroleum. Besearch now under way promises rapid devel¬ 
opments in new directions. 

Another important alcohol is glycerol or glycerin, (\JI.-,(()II); { 
(§§ 302, 303). This is obtained chiefly as a. by-product in the man¬ 
ufacture of soap (§ 303); but it is interesting to note that glycerol 
has iK'en produced commercially by fermentation of cant* sugar. 
The fermentation is carried out in the presence of a strong solution 
of sodium acid sulfite, which prevents the growth of other organ¬ 
isms than the one responsible for the production of glycerol. 


There is hut one methyl alcohol, a rid one ethyl alcohol. Ihit there are two 
different, propyl alcohols, (\II,OH; four different butyl alcohols, ('J|.,()II; 
ami larger numbers still of the following members of 1 he seri t not all found in 
fusel-oil). The explanation for the existence' of so many isoi iers (§ .‘312) is to be 
found in the fact that the hydrocarbon radical may eiller be branched or 
unbranched; while the* hydroxyl radical may be attache 1 to any one of a 
number of different carbon atoms. 


366. Production of Alcohol by Fermentation. —Alcohol (by 
which we always moan ethyl alcohol) may be prepared commer¬ 
cially from grain, fruits, tubers, cane or beet molasses— in fact from 
almost any substance rich in starch or sugar. Even sawdust may 
be hydrolyzed by aeids, producing fermentable substances. 
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1. If the ruw material is starch (grains or tubers) this must be 
converted into sugars before it can be fermented. The raw mate¬ 
rial is ground and heated with water to gelatinize the starch. The 
resulting “ mash ” is treated with malt (i.e., ground sprouted bar¬ 
ley) which contains an enzyme (diastase, § 308) that enables the 
starch to enter into chemical union with water, forming ferment? 
able sugars, glucose and maltose. Certain molds (Mttcor) accom¬ 
plish the same result (amylo process). Roughly formulated: 


3( \,11 ioOr»—H2T1) — C\»l I i‘jf h» - r^iiil lii^f b i • 


iStmvh (ilucosi Multcibi 1 

i 

When the material has thus been prepared for fermentation, it 
is brought to a proper temperature and yeast added. This uni¬ 
cellular plant is unable to make use of sunlight (photosynthesis, 
§320) after the fashion of higher plants; but must derive the 
energy needed for its growth by the partial oxidation of sugar with¬ 
drawn from the surrounding solution. The chief products of this 
reaction art* ethyl alcohol and carbon dioxide, 


<\dIjj()r, = 2C\>II 5 0n+2C0 2 ; 


but small quantities of the higher alcohols, glycerol, acids, and 
esters, arc always produced. 

2. If tlu* raw material is sugar (from molasses) the preliminary 
treatment with dilute acid, malt, or mold is of course unnecessary. 
For though cane sugar and other sugars of the formula O 12 II 22 O 11 
are not directly fermentable, still most strains of yeast, secrete an 
enzyme (invertase) which slowly converts them into fermentable 
sugars of the formula Culli-ithu 


(b 211 Hid h I "bIIl't ) = OcJI 12Of, -f- OlilliyOfi. 


SlUTOM 1 

Cam' Migur) 


( illlclISC 

(grape bugarj 


Frticf ono 
( fruit uugiir) 


Fermentation converts these two new sugars into alcohol and car¬ 
bon dioxide. 

In any < use, the alcoholic liquor, at the end of the fermentation process, 
is run into huge cylindrical stills, and the alcohol distilled off with steam. 
This “crude spirit” is of course contaminated with the various esters and 
higher alcohols that have been mentioned as by-products of the fermentation 
process. In modern practice it is therefore subjected to an,elaborate process 
of repeated fractional distillation, which results in practically pure ethyl 
alcohol, containing about f> per cent of water. 
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367. Industrial Uses of Alcohol.- —Alcohol for industrial use is 
commonly denatured, or rendered unfit for drinking, by addition 
of any one of a great many different substances. The best-known 
formula proscribes methyl alcohol, with a little kerosene or bone 
oil. Millions of gallons of alcohol are consumed each year as a 
solvent in the manufacture of smokeless powder, celluloid, photo¬ 
graphic films, varnishes, and lacquers. Considerable quantities 
are also used as an anti-freeze, and as a raw material in the manu¬ 
facture of ether, vinegar, chloroform, iodoform, and dyestuffs. 

-Alcohol has a smaller fuel value, pound for pound, than 
gasoline. But it burns more efficiently than •the lattei, and 
thus may actually furnish more miles to the gallon. In some 
parts of the world it is regularly used as a motor find, though 
automobile engines must be specially designed for it.h use, if it k- to 
give maximum efficiency. A recent development is a commercial 
method for producing absolute alcohol (i.e., alcohol completely 
free from water). This may be blended with gasoline, to produce 
a fuel which burns without forming troublesome deposits of 
carbon. 

368. — Ether and Acetone. —The substances calk'd ethers may 
be regarded as oxides of hydrocarbon radicals. The most familiar 
compound of this group is ethyl ether, (C^H.,)-0, our most im¬ 
portant surgical anesthetic, and a highly useful solvent. It is 
made by heating a mixture of ethyl alcohol and sulfuric acid to 
120 ° C., in the presence of aluminum sulfate as a catalyzer 
The reaction takes place in two steps: 


C 2 II 5 OH+II 2 SO 4 (C 2 II,,)ITK()H-II()II. 

I.Ui vl li\ droKcn 
.v 11 1 J j h; t (< ■ 

(C 2 IIa)IIS04'+ >H = (( 2lI 5 J2< > I + II->S( >4. 

Acetone, (CHs^CO, is produced by the destructive distillation 
of wood (or calcium acetate); and by the fermentation of starch 
(§ 355) in the absence of air. It is used as a solvent for acetylene, 
and for the extraction of gums and fats. A solution of cellulose 
acetate (§ 370) in acetone is used as a varnish for waterproofing 
airplane wings. 
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359. Chloroform and Iodoform. —When alcohol or acetone 
(§ 301) is treated with bleaching powder, a complicated set of reac¬ 
tions takes place, resulting in chloroform, CHClg, a volatile liquid 
of sweetish odor, which is an important solvent and anesthetic. 

Iodoform, CHI», a familiar surgical antiseptic, is a yellow pow¬ 
der made by the electrolysis of a solution of sodium iodide, con- 

* 

tuining alcohol or acetone. 

360. Organic Acids. —All organic acids contain one or more 
carboxyl groups,—COOH. They are the substances responsible 
for the sourness of certain fruits and vegetables. They react 
chemically with alcohols to form esters (§ 301). 

Much acetic acid is produced by the destructive distillation of 
wood. The retorts or ovens are of sheet steel, heated externally, 
and connected to water-cooled condensers. I ncondensable gases 
consisting largely of methane ami carbon monoxide, given off in 
largo quantities, are burned as fuel under the retorts themselves. 
The condensed liquid is separated from the wood-tar, and neu¬ 
tralized with lime to form crude calcium acetate. This is recov¬ 
ered by evaporation and decomposed by sulfuric acid to form com¬ 
mercial acetic acid. 

Knormous quantities of acetic acid art' now produced from 
arotylemx This may be combined with water, in the presence of 
mercuric sulfate as a catalyzer, to form acetaldehyde, which may 
then be oxidized to acetic acid: 


A cot \ lrnc Acetaldehyde' 

2( 'll;j( 'lIO+Ou = 2( 1 H;t('( )OII. 

Acetic acid 


Since acetylene is derived from calcium carbide, which is pro¬ 
duced from coke in an electric furnace, we have here an example of 
the synthesis of an important organic substance, directly from the 
element carbon. The last few years have furnished other exam¬ 
ples of such methods, such as the synthesis of methanol from 
carbon, by way of carbon monoxide (§70), and the synthesis of 
tartaric acid from carbon, by way of carbon monoxide and sodium 
formate. Such synthetic methods, and such fermentation meth¬ 
ods as that previously described for normal butyl alcohol (§ 355), 
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arc typical of the developments that art* taking place to-day in 
industrial organic chemistry, and that, seem destined to displace 
such wasteful and poorly controlled processes as the destructive 
distillation of wood. 


Vinegar is a dilute acetic acid produced by the oxidation of ethyl alcohol 
under the influence of certain microorganisms: 


( , IT,C , H,( )lI+().. = CH. t ( '0011+11,0. 

Ethyl alcohol Acetic ncul 

Since the process is one of oxidation, a plentiful supply of air is required. 
Dilute alcohol is permitted to trickle over chips or shavmg^vhieh have become 
covered with a growth of the acetic organism. Ordinary vinegar owes its 
flavor in part, to other organic substances than acetic acid. 


361. Esters. -An ester is a substance formed by action of an 
acid on an alcohol. Water is always produced at the same time: 

II 2 S( ) 4 ■ +C oll-iOI I = C 2 H.-,I ISO., + II A ); 

llt)n 1 huliKjrcn 
sullalc 

ni 3 ro()H+c a H50ii=f i H: { ( , ( )oo,ii 5 +ir.o. 

fill. 1 ucclatc 


The, simplest esters are volatile licpiids of pleasant odor, respon¬ 
sible for much of the fragrance of flowers, fruits, perfumes, and 
flavoring extracts. 

Ethyl acetate, 011 (<’000,11,,; amyl acetate, or “banana oil,” 
OlLCOOOjH,,; and normal butyl acetate of considerable importance m tin* 
manufacture of varnishes, lacquers, and imitation leather !§:J7();. 

An important artificial eslcr is nitrnffh/eerim chemically termed (/h/ccrt/l 
nitrate, made In treating glycerol with a mixture oi nitric ami sullurie and: 

0,Il 4 (()ll): i +;iIlNTL = 0.II r /N(),),+dIl,O. 

Tin* sulfuric acid is for the purpose of absorbing Ihe water lhat is liberated, 
thus preventing the reverse reaction. Nitroglycerine is a constituent of 
dynamite and smokeless powder. Jitters of eellulose have many important 
uses to he described later (§ .‘170). 

362. Vegetable and Animal Fats and Oils. —The. esters of the 
greatest, commercial value arc the vegetable and animal fats and 
oils- such things as beef fat, lard, butter, olive oil, and linseed oil. 
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Some of these are important foods. Others serve as raw material 
for the manufacture of paints and varnishes, soap, and glycerol. 
The vegetable and animal fats and oils are esters, consisting of 
organic! acids of high molecular weight, in combination with the 
one alcohol, glycerol, C\*{IIr,(OII)y. For this reason they are often 
called glycerides. 

If we let. It represent a hydrocarbon radical, then the organic 
acids may be represented by the general formula It-OOOII; and 
the union of such an acid with glycerol, to form a glyceride may 
bo formulated: 


3K ■(’()()II + ('; { IIr,(( )I I) ;H = (R -C()());j• ChH5+3II2< >. 


Some* of the natural glycerides have actually been synthesized on 
a small scale by this reaction, the organic acid and glycerol being 
heated together in an autoclave, under pressure. 

The reverse react ion— hydrolysis of a glyceride to form glycerol 
and a fatly acid— may generally be accomplished by boiling the 
glyceride with a dilute mineral acid (catalytic agent). 

'fhe vegetable and animal oils and fats range by imperceptible 
stages from fluid oils, through soft buttery solids, to waxlike solids. 
They have no true melting points, for they are all mixtures of dif¬ 
ferent natural glycerides. Often, however, souk* otic ingredient is 
of predominating importance. Thus beef tallow and butter con¬ 
sist largely of tristearin, the glyceride of stearic acid, a saturated 
compound (§310); while lard and cottonseed oil contain a note¬ 
worthy percentage of triolein, the glyceride of oleic acid, an unsat¬ 
urated compound. 

The oily, unsaturated glycerides, such as cottonseed oil, may 
be made to combine with hydrogen in the presence of finely divided 
nickel as a catalytic agent, and thereby become saturated, solid 
fats. This catalytic hydrogenation of oils is an important 
industry (§70). 

The unsaturated glycerides unite directly not only with 
hydrogen and the halogens but, with ozone and even atmospheric 
oxygen. In extreme cases, when spread out thin, an oil may, 
by absorbing oxygon from tilt' air, be converted into an impervious, 
solid film (as happens with the hydrocarbon, turpentine). Paint 
is such a drying oil, mixed with a finely ground opaque pigment. 
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Varnish is usually a solution of rosin or some wax or wax-like 
substance in a mixture of drying oils. Lacquer may be similar 
to varnish, or it may be a solution of a resin or cellulose ester 
(§ 370) in a properly chosen solvent. 

The new lacquers used on automobile bodies (such as Duco 
finish) contain gums, pigments, and a varict^y of cellulose nitrate 
capable of forming a solution of low viscosity. The solvent is a 
mixture of esters, hydrocarbons, and alcohols. "When exposed to 
the action of sunlight or ultraviolet, light, the cellulose nitrate loses 
oxides of nitrogen, and reverts to a modified form of cellulose. 
The outer layer of the dried lacquer thus gradually becomes insol¬ 
uble in the very solvents used in applying it. 

363. Soap and Soap-making.—The art of soap-making was 
known in the early days of the Homan Umpire, as is witnessed 
by a soap factory which has been uncovered at Pompeii; and even 
savages, in various parts of the world make use of clays of a soapy 
quality as cleansing agents; or employ the bark of certain plants 
which have the property of forming a suds with water. 

Soap-making is a process of decomposing vegetable and animal 
fats and oils by a caustic alkali (lye. § 41). The general formu¬ 
lation would be 


(R • coo) 3 r 3 n s +3Xaon=3R. coo^i+r ,tt,(oti) :{ . 


One niolcc 
of Jut 


ulc 


Tlin-c jiinlffulos 
of il hOilJl 


()iio timliTule 
of kIjcmoI 


Caustic potash (KOII) would serve as well (but product's soft 
soap). Thus soap is a mixture of sodium (or potassium) salts of 
fatty acids. 

Soap is mostly mack* from <lit* fats and oils that arc rancid or of loo inferior 
quality to he used as food. The sodium salt of rosin, a substance having acid 
properties is frequently mixed with the sodium salts of Hie true fatty 

acids, in the cheaper grades of laundry soaps. A modern soap kettle may hold 
several carloads. Dilute sodium hydroxide solution (12 per cent NaOIl) is 
run in at the same time as the strained oil or melted tallow (soap-sioek), 
admitting steam through the bottom of the kettle to keep the mixture well 
stirred. When the reaction seems to be over, the solution is carefully adjusted 
to leave no alkali in excess. Salt is then added, which causes the soap to 
separate to the top of the kettle as a solid curd. The solution containing the 
glycerol is drawn out at the bottom, concent rated by evaporation, and the 
glycerol recovered by evaporation in a vacuum. 


364. Why Soap Cleanses.—Soap, in 
loosen and remove dirt by chemical action. 


most, cases, does not 
This is evident, from 
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the fact that the substances removed may b 1 of such utterly 
diverse sorts as clay, graphite;, mineral oils, and saponifiable fats. 
If tin; substance; to be re;moved is a film of oil, the; rubbing breaks 
this up inte> minute droplets, which adsorb (§ 327) a film of soap 
anel are thereby stabilized anel prevented from reuniting. 

A soconel effect —anel the 1 me)re important one, in the case of 
solid substances like graphite—is an alteration of the surfae;e con-, 
elition of the textile; fiber anel ine;rusting substance, resulting in a 
we‘ake*ning of the fom 1 e»f adhesion. Particles which previously 
clung firmly to the fabric are made to transfer tlie;mse'lvcs to the 
surface films surremnding the air bubbles that make up the foam or 
suds. This effect is mainly due; to the 1 trae;e of alkali (NaOII) 
whie;h is always pivsent in a soap solutiem as the result of hydroly¬ 
sis, sine*e the 1 fatty acids, as a gremp, are* inaclit'c. It is only occa¬ 
sionally that the 1 alkali ae*ls chemically by entering into elirect 
union with substances of acidic nature, sue-li as rosin or free; fatty 
aciel. 

Dilute caustic sex la is sometimes used in laundering, though it 
we'akems me>st fabrics; and substances of faintlv alkaline re;action, 
such as sexlium carbonate or sexlium silie*ate (water-glass) are 
common ingredients of washing powders e»r launelry soap. If 
such substances ai‘e used alone 1 , one 1 may secure* an alteration of 
surface 1 condition and consequent transfer' of particles from fabric 
to foam; but will fail to secure the 1 other e'ffe'ct, due te) the action 
of se>ap in furthe;ring the 1 elis])e i i'sie jii anel removal of films of grease 
and oil. 


EXERCISES 

1. Describe the successive steps by which si arch may be* converted into 
e'lhvl alcohol, with <*f|ii:itions. 

2. What weight of glucose 1 must lie 1 ferme'iitcd te> produce a liter of alcohol 
(sp. gr. 0.X0), assuming the yield 1U-1) to be IK) per cent? What volume of 
('()> gas, al standard conchlions, is liberated at the 1 same time 1 ? 

Mention lour processes described in this chapter, in which microorgan¬ 
isms play a park 

•1. I low are* I lie following substances prepared from ethyl alcohol: ethyl 
acetate, cthe>r, chloroform, acetic acid? 

h. Write structural formulas for ethyl alcohol, formic ae-id, ether. 

<>. What, are the* following, liow ])roduce i el, and for what used? Fusel oil, 
acetone, denatured alcohol, nitroglycerine, activated charcoal, benzene, ben¬ 
zine, naphtha, naphthalene, glycerol, amyl acetate, formalin, hydrogenated 
coltemseed oil? 
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7. Explain why linseed oil and turpentine are superior to naphtha as paint 
vehicles. 

S. What are the following: Malt, maltose, diastase, glucose, fructose, 
petrolatum, methanol, iodoform, toluene, isoprene, boiled linseed oil, lacquer? 

9. Given beef tallow, chiefly (C J7 H lj r ) C() 0 ); 1 ('.:H;,, how would you prepare 
soap? Write equation. How is soap thus produced separated from the 
other product of the reaction? llow would you prepare stearic acid, 
C17II35COOII (an insoluble compound), from this soap? Write equation. 

10. Explain the difference in the chemical nature of mineral and vegetable t 
oil. 


11. By what simple test may a saturated hydrocarbon be distinguished 
from an unsaturated one? Illustrate by an equation. 

12. To what, group of organic substances does nitroglycerine belong? 

What, method does this fact suggest, for decomposing a quantity of nitrogly¬ 
cerine in order to render it. harmless? $ 
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SOME ORGANIC CHEMICAL INDUSTRIES 

365. What Are Carbohydrates?— Carl )ohydratcs arc sub¬ 
stances containing carbon in combination with hydrogen and 
oxygen, the last two elements being present in the same propor¬ 
tion as in water. Thus, st arch and cellulose (wood fiber) have the 
empirical formula C6H10O5—i.e., Ce(H20)5—and cane sugar 
is C12II22O11—i.e., Ci2 (H20 )h. But this is only a manner of 
speaking, for it is impossible to cause carbon to unite directly 
with water to form carbohydrates. 

The simplest carbohydrates are called sugars. These are 
crystalline, soluble compounds. Several dozen different sugars 
arc known. The more complex carbohydrates, many of them 
insoluble in water, are the starches, inulins, gums, and celluloses 
(wood fiber). 

The colloidal, non-crystallizablo nature of these substances makes them 
difficult to purify and separate from each other. We are thus ignorant con¬ 
cerning the number of different insoluble carbohydrates that exist in nature, 
and do not know whether specimens obtained from different kinds of plants 
arc the same or different chemical individuals. 

366. Sucrose and Invert Sugar. —We have just remarked that 
the soluble crystallizable carbohydrates are called sugars. These 
may contain as many as twenty-four carbon atoms in a molecule, 
or as few as two. But the most important sugars are those of the 
formulas CcH^Og (monoses) and C12H22O11 (bioses). 

Cane or beet sugar, or sucrose, one of several known sugars of 
the formula C12H22O1], is obtained commercially from the sugar¬ 
cane and sugar beet, but is found in noteworthy quantities in the 
sap of the maple, sorghum, and many other plants, and in the juice 
of most fruits. We have already noted that sucrose is not directly 
fermentable to alcohol, but must first take up water and be 
changed into a mixture of glucose and fructose, through the action 

m 
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of an enzyme ( mvertase) contained in the yeast plant (§ 356). 
This same transformat ion can be brought about by other enzymes 
or by warming the cane sugar solution for a few minutes with a 
dilute acid: 


C, 2H220 11 + II2O = C 0 H , 2O0+ Call 12 Of,. 

Sucrose (Slucose Fructose 

(cane sugar) (grape sugar) (fruit sugar) 


A solution of cane sugar rotates the plane of polarization of 
polarized light to the right (see text-books of Physics). But after 
the above* change has taken place the direction of rotation is found 
to be reversed, or inverted. For this reason a mixture of equal 
parts glucose and fructose is commonly called favert sugar, and 
the process by which such a mixture is produced from sucrose— 
namely the addition of water under the influence of an enzyme or a 
dilute acid—is called inversion. Invert sugar is the principal 
constituent of honey; for the sucrose contained in the nectar 
of flowers is almost completely inverted in the honey-pouch of the 
bee, during its transportation to the hive. When honey crys¬ 
tallizes it is normally glucose that separates, for fructose is much 
the more soluble of the two sugars concerned. 


In an industrial process recently developed, a rather concentrated cane 
sugar solution is partly inverted by a commercial preparation of mvertase. 
The result is a sirup useful for canning fruit, which will not crystallize so 
readily as a solution of pure cane sugar. 


An important difference between sucrose and the two con¬ 
stituents of invert sugar is observed when these are heated with 
Fehling’s solution. This is a solution of cupric hydroxide in 
Rochelle salts (sodium-potassium tartrate, NaK( UUUOh). (Jlu- 
cose and fructose both have pronounced reducing properties; 
and on boiling a solution of either of them with Fehling’s solution, 
the copper is reduced from the cupric to the cuprous condition 
(forming a brick-red precipitate of cuprous oxide, CuaO) while the 
invert sugar is oxidized to a mixture of organic acids. Cara* sugar 
has no effect on Fehling’s solution, unless it is partly inverted by 
long boiling. 

367. Sources and Uses of Sugar.—The world produces about 
14,000,000 tons of sugar each year (1920) of which about 5,000,000 
tons are consumed in the United States—almost 100 lbs. a year 
for each inhabitant. Though most of this is consumed as food, 



SUGAR 


371 


there are many other important uses. Sugar is a constituent of 
many kinds of shoe-blacking and printer’s ink, and is often added 
to toilet soaps as a filler. About two-thirds the total production 
comes from the sugar cane, grown in the tropics and sub-tropics; 
and one-third from the sugar beet, grown mainly in the higher 
temperate latitudes: Nebraska, Colorado, Idaho, California, and 
Western Canada. Previous to the recent decrease in beet 
sugar production in Europe, cane and beet sugar were produced 
in about equal quantities. 

The sugar beet contains about 15 fx'r cent of sugar. The 
manufacture of J>cet sugar begins with a diffusion battery —a series 
of large vertical tanks, into which the sliced beets are placed, and 
extracted by warm water. The extraction is a process of dialysis 
(§ 380). The sugar and other erystallizable substances pass 
through the walls of the cells, and the mucilaginous or colloidal 
substances, of the nature of gums or albuminoids, remain behind. 

But (‘veil after this preliminary purification, beet juice con¬ 
tains more foreign substances than juice expressed from cane. 
It is found necessary to add a rather large excess of lime (or cal¬ 
cium saccharate) in order to coagulate and throw down the impuri¬ 
ties. Then the excess of lime is removed as calcium carbonate, by 
adding carbon dioxide gas to the juice in several successive stages. 
Sometimes sulfur dioxide gas is used to bleach the juice, alone or in 
combination with the carbon dioxide. The purified liquor is then 
concentrated to crystallization in vacuum-pans (Fig. 33) and the 
crystals of raw beet sugar separated by centrifuging. 

A considerable additional amount, of sugar is generally recovered from the 
beet sugar molasses by taking advantage of the fact, that sucrose at about 
room temperature unites directly with lime to form a definite crystalline 
calcium saccharate (suerate) of the formula 2CaO-Ci-.H. 2 O u . This is used 
instead of lime in clarification of juice from the diffusion batteries. Some¬ 
times strontia, SrO, is used instead of lime. 

A good grade of white sugar is often produced directly from the cane, at 
modern cane-sugar plantations. But raw beet sugar has a slight soapy odor 
and taste, and needs to go through a sjxicial refining process. 

388. Starch and Dextrin—Starch (CoIIinOr,)* is formed in the 
leaves of all green plants as a result, of photosynthesis (§ 325) 
and is thence transferred and redeposited in tuber, seed, or stem. 
In the United States the principal source is corn (maize). The 
American corn crop commonly exceeds 75,000,000 tons a year, of 
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which about 1,000,000 tons arc used in the starch industry. Other 
sources of starch are wheat, rice, cassava, and the potato. The 
granules of starch from all these different origins art* of different 
characteristic si tapes and sizes, and readily identified under the 
microscope. 

In the preparation of starch from corn, the grain is bleached and softened* 
with a solution of sulfurous acid. Then it is coarsely grated, and the oily part 
of the seed separated by flotation and used as cattle food or for tin* preparation 
of corn oil, for soap making. The starch granules, by mechanical agitation 
with running water, are separated from the mucilaginous material, or gluten, 
with which they are associated. The dried product may amount to almost 
half the weight of the original corn. , 

Starch solutions are prepared by pouring cold starch paste 
into boiling water. This causes the granules to swell up and 
burst the thin covering of cellulose with which they art* surrounded. 

Solutions and pastes from different kinds of starch vary greatly in viscosity 
and adhesiveness. These properties may also be altered by addition of 
traces of alkali (thickening) or acid (thinning), thus modifying the material to 
suit its different applications ; as food, in luundrviiig, as an adhesive, and in the 
preparation of glucose sirup. 


Since stareh does not form true solutions in water, we are 
unable to got its molecular weight by freezing-point or boiling- 
point determinations. All wo can say is that its formula must 
be some unknown multiple of the empirical formula (YHjoOs. 
By the action of diastase, an enzyme contained in malt (§ ’5(>), 
stareh is rapidly converted into maltose, which has the same 
formula as cant* sugar, (hylJuuOu. Dilute acids carry the process 
still further, giving glucose, as a final product. 

When stareh is cautiously heated it is converted into dextrin, 
a gum-like substance of faintly sweetish taste, fairly soluble in 
water, and used in enormous quantities as an adhesive, in coating 
postage stamps and envelopes. Dextrin is an important constit¬ 
uent of tht; crust of bread. 


369. Glucose Sirup.—Thousands of tons of corn starch are 
now converted each .year into glucose sirup, used jus a table sirup 
and in the preparation of confectionery. In spite of its name, the 
principal constituent of glucose sirup (sometimes called commercial 
glucose or corn sirup) is not glucose at all, but dextrin, with smaller 
proportions of maltose and glucose. The idea is to have enough 
dextrin gum in the sirup to prevent the sucrose or glucose from 
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crystallizing out of the confectionery in which the sirup is used; 
and enough maltose and glucose to give the mixture considerable 
sweetness, and thus spare cane-sugar. 


The corn starch, carefully freed from nitrogenous impurities, is mixed 
with very dilute hydrochloric acid, and heated for about ton minutes in an 
autoclave, under a pressure of several atmospheres. The liquid is then neu¬ 
tralized with sodium carbonate, filtered, concentrated to a sirup by evapora¬ 
tion in a vacuum, then decolorized by bone-black, in much the same way as 
in sugar-refining. 


370. The Cellulose Industries.—In cotton and linen fiber we 
have a carbohydrate called cellulose, of the same empirical formula 
as starch—(Q,Hi<)(),-,)*. Like starch, loo, it. may be hydrolyzed 
by dilute acids, though more slowly, yielding glucose. But cellu¬ 
lose occurs in fibers instead of in granules, is insoluble in boiling 
water, and is not st aim'd by iodine. 

The fibrous purls of growing young plants consist, principally 
of cellulose, in a somewhat hydrated form. But as a plant devel¬ 
ops its tissues harden, and may be converted into wood, which 
contains cellulose in association with lignin, a complex substance 
of variable composition, related to the carbohydrates, but having 
a decidedly lower proportion of oxygen. Most woods contain also 
noteworthy quantities of resinous material, coloring matter, and 
ash-proihieing suIistanees. 


1. Industries using fibrous material, in the natural or slightly 
altered form. 

Many great .industries make use of raw materials consisting 
largely of cellulose: 

Lumber Textiles Mercerized fabric Paper (§ (§371). 

In the textile industries, vegetable fibers are used in the largest quantity, 
and eollmi leads all these. The United States furnishes about 1,500,000 tons 
each year, whieh is roughly two-thirds of the world's production. The 
bleaelmig of cotton goods has been described in § 102. When cotton is 
immersed in- a strong solution of sodium hydroxide, the fibers swell up and 
lose their characteristic flattened and twisted structure. If it is then 
stretched, and thoroughly washed with cold water, to remove the excess of 
alkali, wo have mercerized cotton, prized for its silk-like luster, and for the 
facility with which it may bo dyed. 

Linen is prepared from the stalk of the flax plant. To make good fiber 
the flax must, bo harvested before it. blossoms, and very few districts produce 
both fiber and seed. The flax fiber carries a much larger proportion of gum 
and ligneous matter than does cotton, and must be purified and separated 
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by a slow and troublesome process called retting, consisting in bacterial fer¬ 
mentation under water. 

2. Industries using cellulose that has been partly or completely 
dissolved, then reprecipitated. 

Vulcanized fiber Waterproof paper “ Artificial ” silk. 

i 

Vulcanized fiber is made by running paper through a solution of zinc chlo¬ 
ride, which gives it a gelatinous coating of hvdraled cellulose. It is then 
wound on rolls to form solid blocks. These are put through an elaborate 
washing process to remove the zinc salt., then pressed flat and dried. Vul¬ 
canized fiber is an important electrical insulator, as easily worked as wood, 
but harder, of a more uniform texture, and very nearly oil-proof. 

“ Artificial ” silk is a lustrous form of cellulose, not cfieinicully related to 
silk at all, and by no means so strong. The annual production now amounts 
to many thousand tons—in the United States, Europe, and Japan. Cellu¬ 
lose is dissolved in an appropriate solvent, and forced by air pressure through 
extremely fine openings in a perforated capsule (spinneret) into a precipi¬ 
tating bath of acid or alkali. The fibers are washed with dilute acid and water, 
and dried under tension in a current of warm air. 

3. Industries depending on complete destruction of the cel¬ 
lulose molecule: 

Destructive distillation of wood, producing methyl alcohol, 
acetone, acetic acid, and wood tar. 

Ethyl alcohol from sawdust (hydrolysis hy dilute sulfuric acid, 
followed by fermentation, § 3f>(>). 

4. Industries using cellulose esters. 

Smokeless powder Dynamite Celluloid 

Lacquers Imitation leather Photographic films 

Cellulose, like glycerol, has the properties of an alcohol and 
may accordingly (§304) be brought into combination with min¬ 
eral or organic acids to form esters. 

1 . Cellulose acetate .—This is used in lacquers for metals, and 
for coating airplane wings or preparing imitation leather, artificial 
silk, and non-inflammable films. 

2. Cellulose Nitrates. — When cotton is treated for a few 
moments with a slightly diluted mixture of nitric and sulfuric 
acids it is converted into a mixture of cellulose nitrates, com¬ 
monly known as soluble cotton, soluble nitro-cellulose, or pyroxylin, 
which is used for making photographic films. 

Pyroxylin dissolve*? in a mixture of alcohol and ether to form eollodion. 
When heated and kneaded with camphor it forms cellulovl, which can. lie 
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moulded under pressure into an unlimited variety of forms—windows for 
automobile, curtains, combs, brush-handles, and toys. Imitation leather, 
used for automobile tops, is canvas impregnated with a pyroxylin solution, or 
with pyroxylin and cellulose acetate, mixed with lampblack. 

But when cotton is nitrated with a more concentrated mix¬ 
ture of acids, or when the mixture is allowed to act for a longer 
time, the reaction proceeds past the pyroxylin stage and we get a 



Fig. 91.— Nitrating cotton in the manufacture of photographic film. 

mom highly nitrated product, no longer soluble in alcohol-ether. 
This is guncotton, or insoluble nitro-cellulose: 


C 'ol I h (OII);$+ 31 INOa = CgI 1 7O2CN 03)3 -b 3 H 0 II. 

Cellulose Guncotton 

The sulfuric acid used serves merely to take up the water that is 
formed, thus rendering the reaction more complete. 

Smokeless powder is made by mixing nitroglycerin (§ 431) with twice its 
own weight of guncotton, with some acetone as a solvent, and a little vaseline. 
The acetone evaporates, leaving the explosive mixture of nitrocellulose and 
nitroglycerin,-as a horny mass (cordite). When such material explodes, the 
oxygen of the nitrate groups serves to oxidize the rest of the molecule, largely 
to C(> 2 and water vapor, releasing most of the nitrogen in elementary form. 

371. Paper.— The first step in the manufacture of paper con¬ 
sists in the preparation, by mechanical or chemical methods, of a 
pulp of finely divided fibers. This is then mixed with water and 
flowed on to a moving screen, which permits the water to drain 
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away, and produces a mat, or felt of wet fibers. This is dried and 
hardened into paper by pressing between rollers. The principle 
is very much like that by which hornets and wasps produced paper 
from macerated wood, long before man ever thought of such a 
substance. 

The finest grades of paper art 1 made from linen rags. These, 
are carefully selected, cleaned by boiling with dilute caustic soda, 
then passed through washing, cutting, and beating machines to 
reduct 1 them to a fine pulp, which is usually bleached with chlorine. 
Sizing is anything atlded to the paper pulp to fill up the pores of 
the finished paper anti keep the ink from spreading. 

Commonly, the sizing consists of sodium resinate (rosin soap, § 307) and 
alum or aluminum sulfate. These two suhstauces react, giving aluminum 
resinate and sodium suliate. The aluminum rcsinutc is then largely hydro¬ 
lyzed into aluminum hydroxide and free rosin, which remain in the finished 
paper. Sizing also very commonly contains talc, China clay, and other finely 
divided white minerals. 

Most of our paper is, however, math 1 from spruce, and til her 
kinds of wood. This is reduced to pulp by pressing the wooden 
blocks against revolving stones, cooled by running water. The 
cheapest grades of paper are made from this mechanical wood pulp, 
mixed with about one-third of its own weight of pulp which lias 
been purified by chemical treatment. Newspapers are print,etl on 
such material, the most perishable literature of the day being thus 
very fittingly consigned It) the poorest grade of paper. 

Chemical wood pulp is made by reducing the wood to fine 
chips, from which the resin and lignin are then removed by 
digesting under pressure with various reagents. 

Sometimes a dilute solution of sodium hydroxide is used, or an alkaline 
solution of sodium sulfate (Kraft, paper). Hut in the process most in use, the 
chips are digested under pressure in huge tile-lined cookers, with a solution of 
calcium acid sulfite, made l»v passing an excess of sulfur dioxide into a sus¬ 
pension of calcium hydroxide. A single cooker may hold as much as 50 tons 
of chips. After digesting fora number of hours, the extracted chips are reduced 
to a pulp, which is washed, screened, bleached, and finally incorporated with 
sizing, according to the kind of paper to be made. 

372. Colored Substances and Dyestuffs.—Colored substances 
appear colored because they absorb certain special wave-lengths 
from the mixture that, constitutes white light, reflecting or trans¬ 
mitting all other wave-lengths. Thus, blood absorbs wave-lengths 
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corresponding to the green part of the solar spectrum,and transmits 
a mixture of other rays that give us the sensation that we call red. 

Many substances that appear colorless to the eye do actually 
absorb light in the invisible part of the spectrum, beyond the 
violet (ultra-violet); others absorb the invisible infra-red light 
at the other end of the spectrum. Thus there are but few sub¬ 
stances, if any, that ought strictly to be termed colorless. They 
merely appear colorless because human vision can perceive only a 
fraction of the spectrum that may be surveyed with a camera. 

Many substances that appear to the eye to be intensely col¬ 
ored would never Ik* useful as dyes. To serve as a dye, a sub¬ 
stance must not only be colored but must cling so firmly to fabric 
that hot water and soap fail to break up the combination. This 
quality is lacking in most colored organic substances. When the 
colored substance, however, contains a group that gives it acid 
or basic properties it is very commonly serviceable as a dye. 

From prehistoric times until the middle of the last century 
most, of the coloring matters used in dyeing cloth were natural 
products. Examples were cochineal and lac dye from insects; 
and madder,, turmeric, logwood, and indigo, from plants. But 
in l<Sf>(>, Perkin, an Englishman, discovered a violet dye called 
mauve, the first, of the numerous modern synthetic dyes, pre¬ 
part'd from the substances obtained from the fractional distilla¬ 
tion of coal tar (§ 352)— whence the designation coal tar dyes. 
Numerous investigators, in tho years following Perkin’s discovery, 
were engaged in synthesizing new dyes and in working out the 
formulas of those already known in nature. One of the first 
achievements was the synthesis of alizarin (the basis of Turkey 
red) -a dyestuff formerly prepared from madder root. Then, 
in 1 NX 1 , indigo was synthesized, though twenty years of research 
and the expenditure of several hundred thousand dollars in cash 
were necessary before its manufacture (from naphthalene) was 
well developed, and an undoubted commercial success. 
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At the present, time these synthetic dyes have largely replaced 
the natural products, and thousands of acres formerly devoted 
to the cultivation of indigo and madder are available for food¬ 
stuffs. The synthetic dyestuffs are purer and of more uniform 
quality than those produced in nature. Several thousand of 
them are now known, suited to all kinds of fabrics, and of ('very 
imaginable' hue. Of synthetic indigo alone, the United States 


is said to consume more than ten million pounds a year. 

When an acid or basic dye is ust'd on silk or wool, it unites 
with the fiber directly, without the assistance of any third sub¬ 
stance. This is calk'd direct, or substantive, dyeiog. The material 
to be dyed is simply steeped in a solution of the dye—commonly 


made acid with acetic or sulfuric acid, to release the color acid 


from the salt which constitutes the commercial dye. Sometimes 
the solution is heated, and the goods plunged in again, to secure 
a more intense shade. It is presumed that the silk or wool is 
slightly hydrolyzed during the heating, under the influence of the 
sulfuric acid in the dye bath. Basic and acid groups, in the silk 
or wool, previously combined with each other, are thus released 
for combination with the dye. 


Mercerized cotton (§370) or cellulose nitrate and acetate 
(§ 370) dye directly, like silk and wool. But though there are a 
few lives that dye cotton and linen directly, in most cases these 
fibers need first to be steeped in a solution of a mordant—a sub¬ 
stance which becomes fixed in the fiber in an insoluble form, and 
then unites with the dye. A few dyes even require the assistance 
of a mordant in order to dye silk or wool. Ths most important 
mordants for the acid dyes an' readily hydrolyzable salts (ace¬ 
tates, chlorides, and sulfates of aluminum, chromium, iron, copper 


and tin, § 113). 

373. Chemistry in Medicine.—Among primitive peoples and 
in ancient times, the practice of medicine 4 was in the hands of 
magicians and priests. With no scientific principles to guide them, 
they administered almost every imaginable substance as a medi¬ 
cine, very often w'ith fatal results. But among countless failures, 
these early practitioners of the healing art now and then scored a 
success, discovering by pure accident some natural substance 
capable of exerting a well-marked physiological action, or pos¬ 
sessed of real curative properties. 
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Thus it was discovered that an extract of the bark of the cinchona tree, 
found in Peru, will (sure malaria; that a preparation from the juice of the 
poppy induces sleep; and that, certain plants produced poisonous substances, 
which served as stimulants when administered in small doses. Various 
inorganic medicaments—preparations of arsenic, antimony, and mercury — 
were introduced during the Middle Ages. Then, within the last century, 
came the discovery of general anesthesia by nitrous oxide, chloroform, or 
ether, and the use of numerous inorganic and organic substances as germicides 
and antiseptics. 

But. medical chemistry, to this very day, has remained in a 
primitive state in two important particulars: 

1. The medicinal substances found in nature have been em¬ 


ployed very largely as they happen to occur, without any special 
attempts at purification. The chemical compounds responsible 
for their useful properties have often remained unknown; and 
the preparations that have been administered have been of uncer¬ 
tain strength and potency, and have often contained unknown 
amounts of ingredients of an actually harmful nature. 

2. Such chemical substances as have been employed in medi¬ 
cine in a pure form were first prepared with quite other ends in 
view. Their physiological actions were often brought to light 
by merest chance, long after chemists had been familiar with 
their more obvious projierties. Ether, for example, has been 
known since the thirteenth century, but its anesthetic properties 
were noted for the first time in 1810. Again, almost a quarter of 
a century elapsed after the discovery of amyl nitrite before it 
was found that this substance gave almost instant relief from the 
agonies of angina jxvtoris. Ethylene, (\>IU, recently hailed as a 
new anesthetic, with such valuable properties that it may dis¬ 
place the rest, was actually discovered in 1795. 

With the rapid development of organic chemistry, however, 
in the half century just closed, came the isolation of a large' number 
of the pure compounds of definite medicinal properties from the 
crude drugs of former days: cocaine, a soluble, white, crystalline 
compound, from the leaves of a South American plant ( Erylhroxy - 
Ion coca)) strychnine and brucine, from the seeds of the strychnos 
bean; morphine, from opium; quinine and cinchonine, from 
Peruvian cinchona bark; atropine from nightshade. The exam¬ 
ple ;s here listed all happen to be alkaloids—nitrogenous substances 
of complex constitution, having the property of uniting directly 
with acids to form crystalline salts. 
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Furthermore, within the past few years, medico-chemical 
researeh lias entered upon a new stage of development: the 
attempt to discover whether the physiological effect, obtained 
with a given compound may not be due to some particular small 
group of atoms within its molecule— perhaps best obtainable 
from some near relative of the given substance. 


Take the ease of cocaine, which has been used for many years as a local 
anesthetic, in dentistry and minor surgical operations. Laborious researeh 
has proved it to have the structural formula, 
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As soon as this information had been gained, physiological chemists set to 
work to synthesize new compounds having molecules built upon architectural 
plans resembling that of eoeame, but with modifications. Thus it was pres¬ 
ently discovered that only the portion of the eoeame molecule that is marked 
with a star—above and to the right of the dotted line m the preceding formula 
—is responsible for its capacity for deadening pain. The rest of the mole¬ 
cule is worse than useless, for it contains groups that relate the substance to 
nicotine and poison hemlnek. 

The' result is that cocaine is rapidly being displaced by synthetic alkaloids, 
quite unknown in nature, with molecules *' cut to measure " Examples are— 

-CH, CI1 5 -CII 2 

C* H 6 . N . C 2 H b HCOC . C 8 H 4 (NHj.) C 4 H fl . N . C 4 H 9 1ICOC . C 8 il 4 (Nil* 
— II 11 

O O 

Procaine Butyn 

A glance will show that these substances contain the groups specified above 
as necessary to a local anesthetic of this t\pe, and very little else. These 
products, and a number of other closely related synthetic alkaloids, sue safer 
than cocaine, because less poisonous. Furthermore, they are more stable 
toward heat, and therefore more easily sterilized. 

374. Synthetic Perfumes and Flavors.—The use of perfumes 
and flavors dates from prehistoric times, and their production at 
present is a larger industry than most persons would imagine. 
The world—or the feminine half of it—is now thought to consume 
at least two thousand tons of perfume each year, for which it 
pays many million dollars. 

Many fruits and flowers owe their odor to simple aliphatic 
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or aromatic, esters Examples are amyl acetate, or banana oil, 
and methyl salicylate, or oil of wintergrecn. But oil of turjxtn- 
tine, and the oils of the citrus fruits, consist largely of aromatic 
hydrocarbons—-members of what is called the torpenc series. 
Others, again, are largely aldehydes, ketones, or phenols, with 
smaller (plant ities of compounds containing sulfur or nitrogen. 

The natural perfumes call for so much labor in collecting the blossoms 
from which they are obtained, and require such care, during the process of 
extraction, that, their price is necessarily very high. 'Flic organic chemist . 
has accordingly entered tins field, seeking first to identify the compounds 
responsible for the odor of the natural perfumes, and then to synthesize them 
from cheaper materials. Here the patient labor of the research chemists of 
two generations has'at last won the same degree of success as in the synthesis 
of dyes and medicinal substances. 

The artificial duplication of any of these odors involves, first, the separation 
of the natural material into its several constituents; second, the working out 
of tin* structural formula or plan of architecture of the molecules of the sub¬ 
stances thus isolated; third, the synthesis of these substances from easily 
available raw material; fourth, the blending of the odoriferous substances 
thus produced to duplicate the natural perfume. The second and third stops 
are, <>f course, the most ddlieult and often call for years of expensive research. 
Hut even the final blending may prove a most, vexatious problem, for many 
perfumes owe much of their distinctive odor to substances contained in them 
m traces too minute for identification. 

Nevertheless, many natural flavors and perfumes have already had to 
yield much of the, held to their synthetic duplicates. Essences of lilac and 
lily of the valley are now made in ton lots, from turpentine; essence of violet 
from lemon oil; vanilla from oil of cloves; while blends in imitation of the 
elusive odors of the rose and heliotrope, together with fragrant mixtures never 
known in nature, are produced in large quantities. 

376. Organic Chemistry and the National Welfare. —The industries based 
on synthetic organic chemistry are of special importance to the nation as all 
element of military preparedness and economic independence. The chemical 
industries are a means of defense more effective than would now' be afforded 
by an impregnable fortified frontier, or an absolute command of the seas. 
For the chemical substances of military importance are derived from the same 
sources as those employed in peace, and involve similar steps in their prepara¬ 
tion. A factory making fuchsine dyes from phosgene (§ ) is in a position 

to deliver, on a few hours' notice, quantities of this toxic gas for filling shell. 
One making synthetic phenol for manufacture of synthetic resin (bakelite) 
can very easily turn its product into a high explosive (picric, acid). Pho¬ 
tographic developers, lacquers and varnishes, drugs and anesthetics—-all 
these products of chemical industry in the organic field must be produced in 
vastly increased quantities, in times of military activity. If the world must 
experience another war, the country lacking ample facilities for the manu¬ 
facture of organic chemicals of the most diversified sorts may well tremble 
for its safety. 

In the end, however, an economic policy must, be justified by something 
more than the fear that science may again be put to the unspeakable uses of 
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a few years ago. One: may doubt whether the happiness and welfare of the 
people of a nation at large are increased by the too-zealous exploitation of 
foreign markets, especially of those for unmanufactured raw materials; but, 
concerning the advantages to a country of being self-sufficient in such indus¬ 
tries as demand highly trained hands and brains, opinions can hardly differ. 
The nation can ill afford to let any industry languish that puts a premium on 
intellect. 

England, France, and Japan have taken measures to protect their vital 
organic chemical industries by protective tariffs, or absolute embargoes. ’ 
In the I'nited States, such legislation is made difficult by the fear of creating a 
“ dyestuff monopoly,” and a definite policy of protection awaits the develop¬ 
ment of favorable popular opinion, 



Fig. 92.—Inspecting the finished nitrocellulose product—a sheet of photo¬ 
graphic film, 


EXERCISES 


1. IIow many milligrams of invert sugar are present in each cubic centi¬ 
meter of a solution prepared by inverting J1.42 g. of sucrose, and diluting the 
solution to 1 liter? 

2. How is each of tin 1 following prepared, and what chemical compounds 
does each contain? Glucose sirup, mercerized cotton, vulcanized fiber, rayon, 
pyroxylin, celluloid. 

IE What weights of carbon dioxide and water are produced by the complete 
combustion of 1 g. of pure cellulose? What volume will this carbon dioxide 
occupy, at standard conditions? 
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4. What is the source and chemical nature of rosin? Representing rosin 
by HR, give equations to show how it is applied in sizing paper. 

5. What volume of sulfur dioxide gas, at standard conditions, is required for 
every kilogram of quicklime, in preparing calcium acid sulfite, for paper mak¬ 
ing? 

6. Cite; t-wo reactions to illustrate the fact that cellulose lias the chemical 
properties of an alcohol. 

7. Ethylene, C*H«, is prepared by passing the vapor of ethyl alcohol 
through a heated tube containing clay balls, which serve as a catalyzer. The 
process is one of dehydration. Write equation, and determine what volume‘of 
ethylene, at standard conditions, can be produced from 1 g. of alcohol. 

8. Ethylene, mixed with nitrous oxide and oxygen, has recently been used 
in anesthesia. VN'liat, is the percentage by weight of each of these three gases 
in a mixture in which they are present in equal proportions by volume? 

9. Sketch a Bunsen flame in vertical sect ion, and explain what happens in 
each zone. Why d<>es a Bunsen flame, when receiving an insufficient supply of 
air, become luminous? 

10. Distinguish between direct and indirect dyeing. W’hnt is a mordant? 
Write an equation to explain what happens when cupric acetate is used as a 
mordant. 

11. Describe the method by which the percentage composition of mo^t 
organic substances has been determined (analysis by combustion). 
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376. Crystalloids and Colloids.— Review §94. When pure 
substances of simple chemical composition and low molecular 
weight are dissolved, we commonly obtain a tn# solution. Such 
substances are often referred to as crystalloids; examples are the 
inorganic electrolytes (acids, bases, and salts) and such organic 
substances as glucose, cane sugar, and urea. Substances of 
complex composition or high molecular weight, on the other hand, 
are often referred to as colloids; for they commonly form col¬ 
loidal solutions when disjXTsed in a solvent. Examples art' cel¬ 
lulose, rubber, the vegetable gums, starch, and albumen (white of 
t*gg). 

The distinction between crystalloids and colloids is, neverthe¬ 
less very indefinite. In all probability, all substances may be made 
to assume the colloidal state. Ice is commonly regarded as a 
crvstalloid; vet wo mav obtain a colloidal solution of ice in chloro- 
form by saturating the latter with water, then suddenly cooling 
it in a freezing mixture. The particles of ice thus formed are so 
small that they remain in suspension in the chloroform indefinitely; 
yet they are large enough to give the liquid a slightly milky 
appearance. Common salt and many other inorganic substances, 
ordinarily seen in crystalline form, may also be obtained in colloidal 
solution if they an* produced by chemical reactions in the midst 
of organic liquids in which they happen to be insoluble. Con¬ 
versely, many substances commonly regarded as colloids, such 
as egg albumen, may be obtained in crystalline form, if proper 
precautions tiro observed. 

Accordingly, a colloid is not a substance of a particular chemical 
class , but rather one li ving a tendency to ass um e a particular 
physical state a state in which it is subdivided to form particles 
of an extremely small size, which are dispersed or scattered 
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through a second material. An automobile tire consists largely of 
colloidal particles of lampblack and various inorganic “ fillers,” 
dispersed in vulcanized rubber; and paint, of colloidal particles 
of pigment, dispersed in a drying oil (§ 554). 

377. Colloids and Life. —To realize the overwhelming impor¬ 
tance of colloids, one need but pause to consider that all the 
phenomena of life are connected with processes that take place 
only in colloidal matter. A seed is planted in the ground, and 
straightway there begins a contest for water, between seed and 
soil. In this contest., the seed wins, (haws water into itself, and 
swells up until the seed-coat bursts. Here is a process that could 
never take place with crystalline material. 

Presently growth begins. Little by little the stores of colloidal 
foodstuffs in the seed starch, proteins, and fatty substances - 
an i acted upon by enzymes, themselves of colloidal nature. Thus 
those reserves of food are converted into sugar and other crys¬ 
talline material, transported in this form to growing stem or root¬ 
let, and there rebuilt into colloid form. Soon the young shoot 
bursts from the soil, and unfolds its leaves in the sunlight.. We 
then behold a new marvel- photosynthesis -the building up of 
starch, a complex colloidal material, from two simple crystalloids, 
water and carbon dioxide. 'Finis the plant grows, becomes a 
tree, and after many years beings forth fruit, after its kind. Hoots, 

1 1 link, branches, leaves, bark, and fruit all consist, of colloidal 
substances, with nowhere any other crystalloid than water, if 
we except a few simple substances, such as sugar and organic acids, 
which form no necessary part of the plant, but merely represent 
material in transport or storage', and destined in proper time to 
be itself elaborated into colloidal living tissue 1 . 

Nor are plants alone thus intimately related to the properties 
of colloids. Every individual animal is built up from complex 
mat,('rial calk'd protoplasm, which contains many different chem¬ 
ical substances, and assumes many different, forms. Hut, whether 


this protoplasm belongs to amoeba or to man, it, is essentially 
colloidal. Large deposits of inorganic crystalloids are found 
in the animal body only in a few highly specialized structures, 
such as the bones and teeth (and are even then 1 in intimate asso¬ 
ciation with colloids). Mineral salts also play an important, part, 
in regulating the water-holding capacity of organized colloids. 
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With those exeoptions, it is ns true of animals as it is of plants that crys¬ 
talloids represent, material held in reserve for future building operations or 
surprised in transport. If a living plant or animal were represented by a large 
eitv, then the different houses and office structures would represent the dif¬ 
ferent kinds of colloidal material that compose the plant or animal. Crys¬ 
talloids would be represented only by stocks of steel, lumber, brick, and stone, 
laid up in warehouses and storage yards; or by occasional truckloads of these 
materials that pass through the streets, on the way to locations at which new 
buildings are being erected or old ones remodeled or repaired. * 


378. Disperse Systems.— We have just referred to ii colloidal 
solution as consisting of one kind of material dispersed in another. 
The material which is dispersed or subdivided is often referred to 
ns the disperse phase * or inner phase; that through .vhich the 
disperse phase is scattered is the dispersion medium or outer 
phase. 

The different classes of disperse systems art' often al 1 illus¬ 
trated at the dinner table: 


Chinaware or porcelain. . . . 

Food served “ steaming hot 

Biscuits or cake 
Whipped cream 
Mayonnaise dressing, milk, I 
butter, or jolly * 

('hoeolate. 

Cheese. 

The smoko from a cigar. . . 


an opaque solid dispersed in a 
semi-transparent solid (§ 489) 
a. liquid (droplets of water) dis¬ 
persed in a <j<is (air) 
a <i«s dispersed in a solid 
a (fas dispersed in a liquid 
a liquid dispersed in a liquid (an 
emulsion) 

a. solid , dispersed in a liquid (a sus¬ 
pension) 

a liquid (butter fat) dispersed in a 
solid (casein) 

a solid, dispersed in a qas (air) 


It is true that these are not all to be considered as colloidal 
systems, since the individual particles of the disperse phase, in 
several instances, are visible with a microscope, if not with the 
naked eye; but we have here all the different classes of disperse 
systems from which colloidal systems arise by continuing the 
process of dispersion until the dispersed particles become of loss 


* In chemistrv. the: word phase refers to :i homogeneous portion of matter, 
separated by definite bounding surfaces from the other kinds of matter with 
which it may be associated. A mixture of sand and salt, m contact with a Sat¬ 
urn:* d -alr, solution, half filling a. closed bottle, represents four phases: two 
solid, one liquiu (solution), and one vapor. 
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than microscopic dimensions, while still remaining large in com¬ 
parison with molecules. Coarse disperse systems pass over into 
colloidal solutions, and these in turn into true solutions, by imper¬ 
ceptible gradations. 

Colloidal systems consisting of solid or liquid colloidal par¬ 
ticles dispersed in a liquid dispersion medium are frequently called 
sols. If the dispersion medium is water, they are hydrosdls. 
Examples are a colloidal solution of glue in water, and India 
ink. 

379. The Two Classes of Colloidal Solutions. —Tf we saturate 


water with arsenious oxide, Asj();$, and pass in a little hydrogen 
sulfide gas, we get a yellow colloidal solution of arsenious sulfide, 
Asl»Ss. This may he kept for a long time if the water in which 
the arsenious sulfide particles are dispersed is very pure. Still, 
the slightest tract's of acids, bases, or salts (collectively termed elec¬ 
trolytes, § 2o0) cause the colloidal particles to gather together in 
clusters, presently forming a visible yellow precipitate. 

Many other colloids (but not all others) an- easily precip¬ 
itated by electrolytes. This is presumed to indicate that many 
colloidal particles carry electrical charges, and an* precipitated 
when these are neutralized by other charges of opposite sign 
(furnished by the ions of the electrolyte). 


Many familiar phenomena may be explained by the action of electrolytes 
on colloidal solutions. Farmers often apph finely ground limestone to heavy 
soils, not so much because the soils lack the calcium necessary for the growth 
of plants, but rather because the limestone' is slight I y soluble, producing urns 
in suflicient concentration to coagulate the clay, and render the soil more 
easily tilled. The Same tiling, on a gigantic scale, is witnessed at the mouths 
of the Mississippi, (hinges, Euphrates, and Nile, (olloidal material brought 
down by these muddy streams is deposited m the deltas, partly because of 
the sluggish movement, of the water there, but chiefly because of the coagu¬ 
lating action of the salt of the ocean, that is mingled with the river water 
with every sweep of the tides. 


A colloidal solution of glue (a hydrophilic colloid, § 91) is 
in remarkable contrast to one of arsenious sulfide. The colloidal 
particles of glue contain a large percentage of absorbed solvent 
(in this case water). This is often expressed by stating that they 
are highly solvated. They can be coagulated and precipitated 
only by adding a very large amount of a salt. Moreover, a glue 
solution is highly viscous, and becomes more viscous with decreas¬ 
ing temperature, finally setting to a stiff jelly; but a colloidal 
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solution of arsonious sulfide will not form a jolly, no matter how 
concentrated it is made. 

Colloidal solutions accordingly fall into two groups: a colloidal 
arsenious sulfide solution is an example of a suspensoid—a non- 
viscous, non-gelatinizing colloidal solution, easily coagulated by 
electrolytes, and containing colloidal particles but slightly sol¬ 
vated, with electrical charges definitely positive or negative. 

A glue solution is an example of an emulsoid — a viscous, 
gelatinizing colloidal solution, not easily coagulated by elec¬ 
trolytes, and containing highly solvated, liquid or semi-liquid 
particles, with no electrical charges at all, or with variable and 
irregular charges. 

II is interesting to notice that a finspcttwnl precipitated by an electrolyte 
cannot usually be redissolvcd. But when an niiiilsoni, such as albumen, is 
thrown down (as by a concentrated solution of ammonium sulfate; ll will 
usually redissolve if placed back in pure water and washed Iree from adsorbed 
electrolytes. Colloids are accordingly sometimes classified a.-> irreversible 
and reversible. Even a precipitated gold suspeusoul can, nevertheless, be 
redissolved by dilute ammonia; while precipitaled emulsoids, on the other 
hand (albumen), often undergo subtle changes on standing, which prevent 
them from being redissolvcd when treated with water. 

380. Ultrafiltration and Dialysis. —Colloidal particles tiro so 
small that they pass through the pores of ordinary filter paper. 
It is nevertheless possible to separate them from their dispersion 
medium by means of tin ultrafilter. This consists of a layer of 
jelly on some kind of supporting material, such as porous porcelain, 
or oven filter paper. If a pressure of six to twenty atmospheres 
is applied, the dispersion medium may be forced through the 
jolly, but the colloidal particles remain behind. Thus we may 
demonstrate, that dextrin, soluble starch, and certain dyestuffs 
really form colloidal solutions when they dissolve in water, though 
such solutions are perfectly clear and transparent and contain 
very few particles visible under the ulfrainieroseopo. Recently 
ultrafiltration has been put to considerable practical use in 
studying enzymes and bacterial toxins, and in removing colloidal 
coloring matter from solutions of organic crystalloids. By the 
use of a suitably constructed ultrafilter, ordinary water may be 
rendered absolutely sterile. 

The fact, that jellies can art, as finely-pored fillers proves them to have a 
sponge-like structure (§ 381;. By using jellies of different materials (gelatin, 
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collodion, silicic acid) solidified from solutions of different concentrations, 
ultrafilters of different degrees of porosity may he obtained. Thus, colloidal 
particles of different sizes may he separated from each other. Some ultra- 
filters recently prepared appear to have pores not more' than a dozen times 
molecular dimensions. Perhaps the end is not yet. If we had a straw fines 
enough—and patience enough—we might sip fresh water from a glass of brines. 


We hiivo mentioned the fact thiit the molecules of heavy gases, 
such iis carbon dioxide, move with comparative slowness at any 
given temperature, and therefore diffuse very slowly through 
porous walls (§ 25). Colloidal partieles, being very large in com¬ 
parison with molecules, are still more sluggish, and diffuse very 
slowly indeed. We limy accordingly determine whether a colored 
substance dissolves to form a true or a colloidal solution by pour¬ 
ing some of the solution over a eolorless jelly, and noting whether 
the dissolved particles diffuse into the latter and stain it. 

Another method for demonstrating the extremely slow rate of 
diffusion of colloidal particles is shown in Fig. 93. A solution 

containing both starch (a colloid) and com¬ 
mon salt (a crystalloid) is placed in a wide¬ 
mouthed hot tie, which is closed tightly with a 
sheet of parchment paper and inverted in a 
beaker of water. After a few minutes, some 
of the salt will have diffused through the 
parchment and the water outside the bottle 
will give a test for chlorides. But if the 
parchment membrane has been tied on 
tightly enough to prevent leaks, no starch 
will got through it for many hours, and the 
addition of a drop of iodine solution to the outer liquid will give 
no blue color. Such a separation of crystalloids from colloids, 
by diffusion of the former through a membrane, is called 
dialysis. It, is of great practical importance in the purification 
of colloidal materials of all kinds. 



The* separation of colloids from crystalloids by dialysis is usually ascribed 
to the slower rate of diffusion of the former. Hut the fact that many of the 
membranes used in dialysis may be employed also in ultrafiltxation suggests 
that, in many cast's the colloidal particles are really too large to get through the 
pores of tin* dialyzing membrane, even if they had a rate of diffusion com¬ 
parable with that of crystalloids. Another noteworthy observation is that 
it is sometlines possible to separate crystalloids from crystalloids by means 
of a membrane. Thus, if a solution containing both sulfur and silver nitrate 
dissolved in pyridine is separated from pure pyridine by a rubber membrane, 
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the sulfur pusses through, and the silver nitrate stays behind. In such cases 
it appears that the crystalloid passing through is first (Unsolved, in the mem¬ 
brane, and then handed on to the liquid outside. 


381. Protective Colloids.— The typical emulsoid sols are com¬ 
monly very stable, and not very easily precipitated by elec¬ 
trolytes. Accordingly, the addition of a very small quantity 
of an ernulsoid, such as glue, to a suspensoid sol, tends to coat 
over and protect the suspensoid partieles, and make them less 
easily preeipitable. It is important to notice that the properties 
of ii suspensoid which has boon thus stabilized are almost com¬ 
pletely masked by those of the protective emulsoid which it has 
adsorbed. Thus, the particles of metallic sols (sveh as a colloidal 
solution of gold) are in general positively charged; but when they 
adsorb glue they become electrically neutral, or have a variable 
and irregular charge. 


Many important applications of protective colloids are made in the indus¬ 
tries. A small amount oi gelatine or calcium saeehnratc is always added to 
commercial ice cream. This helps to keep the material smooth by pre¬ 
venting the growth of crystals. Gum arable in marshmallows serves a similar 
purpose. Gelatine* m ice cream furthermore aids digestion by preventing 
the separation of the fats and coagulation of the* milk in heavy curds. |«'or 
the same reason, (he addition of a small amount of gelatine or cereal gruel to 
cow’s milk intended for infants or invalids will render it more digestible. 
Human milk carries a larger proportion of a natural protective colloid, 
laetalbunun, than does cow’s milk. 

India ink is a colloidal solution of lampblack, stabilized with gum arabie. 
Colloidal lubricants and fuels are now stabilized with tannin or rosin soaps. 
Ln photography, the plate or film consists of an emulsion of silver bromide 
with gelatin as a protective colloid. It is essential that the silver salt should 
remain finely grained. Yer\ commonly, glue is added to the chemical mix¬ 
tures list'd to treat boiler 
water for preventing boiler 
scale. It presumably acts 
by coating the precipitated 
particles, thus preventing 
them from adhering to the 
boiler tubes. 

382. Gels.- Fig¬ 
ure 94 illustrates what 
is believed to happen 
when an emulsoid sots 
to a idly. At the loft * 10 ^ —Four stages in the formation of a gel. 

(-4) wo have a fluid sol, consisting of concentrated droplets 
of disperse phase scattered through a dilute solution constituting 
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the dispersion medium. The effect of cooling such a sol is 
to disturb the equilibrium between the droplets and the sur¬ 
rounding dilute solution. We infer that they draw more 
water into themselves, and increase in size, and perhaps come 
into contact fas shown at B) like cells of a honeycomb. Such 
a change would result in a very great decrease of fluidity - - 
for if one should attempt to force such a mixture through a 
fine tube, the droplets would find considerable difficulty in rolling 
past each other. 

By imperceptible stages—as the temperature is lowered or the 
dispersion medium is removed by evaporation—the sol loses its 
fluidity and assumes the half-rigid condition of a jelly, technically 
called a gel. Sometimes the term gel is applied as well to a gela¬ 
tinous precipitate, such as aluminum hydroxide. 

There is no definite temperature at which a gelatini/ation 
takes place, in the same sense that there is a definite temperature 
at which water freezes. For practical purposes, the temperature 
of gelatinization is taken as that at which the liquid becomes so 
viscous that it will no longer flow’ out when a test-tube containing 
it is inverted. But a certain amount of time is required for the set¬ 
ting to bike place, which will be loss the lower the temperature. 

If the colloidal solution is a very concentrated one, there is 
reason for believing that further changes may take* place. Thus, 
the droplets that constitute the disperse phase may coalesce and 
form viscous threads, leaving spaces between filled with relatively 
fluid dispersion medium. Wo have two interlacing phases, and 
the disperse system has a sponge-like structure (('). In extreme 
eases, the viscous particles or threads may unite to form a con¬ 
tinuous phase, inclosing droplets of what was previously the dis¬ 
persion medium (as shown at D). The structure of the original 
emulsoid sol is thus completely reversed: the more concentrated 
phase now acts as the dispersion medium, and the more dilute 
phase is discontinuous. 


An interesting speculation—though at present little more than a specula¬ 
tion—-is that living organisms transfer food material from eell to cell by an 
arrangement, of this kind. A eell wall may nt one moment be permeable to 
water and water-soluble substances, but impermeable to lipoids (substances 
of a fatty nature, § 387). Thou some substance appears which, like Ali baba 
at the cave of the Forty Thieves, is possessed of the magic word. The wall 
structure is reversed, the lipoid passes through, and immediately the gates 
swing shut. 
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383. Peptization.—The reverse of coagulation or precip¬ 

itation (pectization) is the reduction of colloidal particles to a 
higher degree of dispersion by (he addition of some foreign material. 
This process is known as peptization. There are occasions when a 
very large excess of an electrolyte will have this effect, thus revers¬ 
ing the usual precipitating action of such materials. (0111111911 
examples are afforded by certain metallic hydroxide's, such as 
those of chromium and aluminum, which are precipitated from 
solution by the addition of a small amount of sodium hydroxide, 
but appear to be redissolved by the addition of a further amount 
(H73). r 

A similar process is used commercially in preparing colloidal 
solutions of casein (the principal nitrogenous constituent of milk). 
The dry material is almost unaffected by water, but swells very 
rapidly when a small amount of some alkaline solution is present, 
and 011 further addition of water is peptized to form a viscous 
colloidal solution. This process finds many important commer¬ 
cial applications in the manufacture of adhesives, plastic materials, 
and paper sizing. In dissolving gelatine (glue) in water, the 
solvent itself acts as a peptizing material. 

384. Electrical Transference of Colloids (Cataphoresis) 

Suspensoid particles always cany elect l ie charge's, + _ 

positive or negative. These may be as much as 
fifty or sixty times those carried bv a univalent 
ion in a dilute electrolyte. The mass of each sus¬ 
pensoid particle is, however, very great, oven 
in sols of the highest degree of dispersion, and 
the electrical resistance of colloidal solutions is 
correspondingly high. A high voltage will 
nevertheless force a current through, and with 
the apparatus of Fig. 94« the migration of 
the suspensoid particles under the influence 

of the electrical potential may easily be 
. Kmj -Cat a- 

shown - ,(hop-sis. 



The ends of a k* {A) are covered with parchment paper or gold¬ 
beater’s skin. It, is then inverted, filled through Hie opening at. the bottom 
with colloidal arseruous sulfide solution, and .slightly stoppered. Finally, 
wide glass tubes (li, Ji) held in place by rubber hands, are slipped over the 
ends of the IJ-tiibe. After these have been filled with dilute acetic acid, and 
platinum or graphite electrodes inserted, the apparatus is connected with a 
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110-volt direct-current circuit. After linlf sin hour the .solution hi the U-tube 
presents the sippesirsmce shown in the figure. Most of the suspensoid psirticles 
have migrated si way from the neighborhood of the cathode leaving that 
part of the liquid clear. The liquid around tin* anode ( + ) has in conse¬ 
quence acquired si deeper shade of yellow tlism before. 


This experiment shows very dearly that the particles of col- 
loiihil arsenious sulfide carry negative charges of electricity. In 
fact, most kinds of suspensoid particles are negatively charged. 
But the particles in colloidal solutions of the metals and metallic 
hydroxides are usually positively charged. 

385.—Mutual Precipitation of Suspensoids. —If a small amount 
of a solution of colloidal sirsenic sulfide is added to a solution of 
colloidal ferric hydroxide, mutual precipitation fakes place, and 
the two colloids sire thrown down together. It is presumed that 
the negsitive charge of the arsenic sulfide particles has neutralized 
the positive charge of the colloidsd ferric hydroxide particles; 
and suspensoids which precipitate each other almost always carry 
electrical charges of opposite sign. However, if a very large 
excess of either of the two colloids is usi'd, the charge of the other 
one msiy be reversed, and no precipitation may take place. Thus, 
a very large excess of arsenic sulfide, added all at once to a limited 
quantity of fcrrric hydroxide, will not product* precipitation. 
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EXERCISES 

1. Define and illustrate: suspensoid, emulsoid, sol, phase, disperse phase, 
dispersion medium, gel, ultrafilter, eat a phoresis. 

2. Distinguish between osmosis and dialysis. 

3. Tell how a eolloidal solution of arsenie trisulfide is prepared Write 
equation. Explain why this solution cannot be prepared by passing hydrogen 
sulfide into a solution of arsenie trichloride (note the other product of the 
reaction and the effect that it would have on the colloidal arsenic sulfide). , 

4. Explain how colloidal solutions are purified, and how stabilized. 

5. Re prepared to discuss the general methods for preparing eolloidal 
solutions, as tabulated in the appendix. 

6. Describe the Tyndall test for colloidal particles (§04). What is 
the principle of the ultramicroscope? 

7. The Tyndall effect depends on difference in refracting power of the 
colloidal particles as compared with that of the dispersifm medium Would 
you expect it to be most pronounced loi suspensoids or '‘inulsoids, and win? 
(Compare degree of solvation j 

8. What is adsorption? Name several useful applications. How does it 
apply to the precipitation ol suspensoids by electrolytes? 

9. Describe a diffusion tesl to del ermine whether a certain colored sub¬ 
stance dissolves to form a true or a colloidal solution 

10 Tell what is presumed to happen in the formation of a gel. Which 
elass of colloidal solutions forms gels? 

11 Name two inorganic gels (§ 10.7, 471) Explain the nature of the 
difficulty met in giving such a substance a definite chemical formula How 
may such gels be peptized? 

12. W'hat substance is common!} used to stabilize each of the following 
colloidal systems: Mayonnaise dressing, kerosene-water emulsion, silver 
bromide emulsions (§515;, India ink? 

13. What is cataphoresis? Would you expect it to be most pronounced 
with suspensoid or cmulsmd particles? Why? 

14 A process that separates clay, by cataphoresis, from impurities con¬ 
sisting of small amounts of ferric and manganese hydroxides has met with 
some commercial success. What do you infer concerning t he charge (-f or —) 
of colloidal clay particles? 

15. Clay suspensions that are to be poured into plaster-of-Raris molds in 
the manufacture of pottery f§ 4K7) become more thud in the presence of a 
small amount of alkali Explain 

16. Can you point out some analogies between the phenomena accom¬ 
panying the cleansing of fabrics with soap (§ 364)and those met in the concen¬ 
tration of an ore by froth-flotation (§ 361)? 
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A GLIMPSE OF THE CHEMISTRY OF NUTRITION 

It is now very nearly a century since the first of the great host of organic 
substances known to the chemists of to-day was synthesized by artificial 
means, without the r 'iid of living plants and animals (§ 336). In the inter¬ 
vening years the science of organic chemistry has developed at a rate which an 
age marked by tremendous scientific advances of all kinds could hardly par¬ 
allel. The theory that the molecules of organic substances arc composed 
of individual atoms, arranged according to definite and discoverable plans, 
proved a safe guide for hundreds ol researches, which won the most brilliant 
results. As intellectual achievements, indeed, the most noteworthy mechan¬ 
ical inventions of the century just closed—such things as the automobile, 
airplane, and linotype machine—can hardly be compared with the synthesis 
of the complex molecules of indigo, camphor, and the medicinal alkaloids. 
The mechanic works with materials that he can measure and lay out with 
compass, square, and gauge; while the chemist must create his masterpiece 
from fragments too small for human senses, and can take note of the progress 
of his work only with the inner eye of the mind, as he adds atom to atom. 

These tremendous discoveries in the field of organic chemistry resulted 
not alone in the creation of great industries rivaling or surpassing Nature in 
tI k* creation of useful products, but afforded, year by year, a better under¬ 
standing of the manner m which Nature herself works. A century ago all the 
processes involved in the digestion and assimilation of foods were complete 
mysteries, and the subject of the wildest speculations. To-day, we know r , in a 
general way, what happens when foods arc digested. The simplest of the 
chemical transformations that take place m nutrition are, indeed, so well 
understood that we can duplicate them in beakers and test-tubes. Progress 
is still very rapid in spite of many difficulties that surround experimental 
work with living annuals and human beings. Biochemistry, in fact, is already 
very highly specialized. We can here offer no more than a glimpse of a few 
of the most important facts that have been discovered concerning the chemical 
changes that take place when foods are transformed into living tissue. 

386. Digestion and Absorption of Carbohydrates.— The chief 
functions of food an* (1) to furnish energy for carrying out the 
vital processes; (2) to furnish raw material for the building or 
rebuilding of tissue; (3) to furnish substances necessary for the 
proper stimulation or control of vital processes. 

Not all foods are equally valuable for these different purposes; 
carbohydrates and fats are preeminent as sources of energy; 
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proteins (§ 3X8) as tissue builders; mineral salts and unidentified 
organic substances (vitnmincs) as vital regulators. Yet it must 
be understood that there is no very strict, division of fluty among 
the different typos of foodstuffs, for each, in its own special field, 
is supplemented and assisted bv the others. 

Of those throe classes of foods, let us consider the carbohy¬ 
drates first,, since the soluble members of this group (the sugars) 
are the simplest of all organic foods, and the easiest to digest. 
Glucose and fructose are directly absorbed by the intestinal walls 
and enter the blood-stream unchanged. Sucrose is first inverted 
(§ 300) by the hydrochloric acid of the stomach and by an enzyme 
(§ 52) called invertase, present in the fluids secreted by the intes¬ 
tinal glands: 

(Y_>H l >,Ou + TIjO - CYilIisOe, -f- CY,IIu?(V.. 

Suciosu CllucoM- ]■ nut use 


Milk sugar or lactose, also having the formula C 12 H 22 O 11 , 
is broken up in the same way into glucose, (\,IIil>(><„ and galac¬ 
tose, CoHiaGd. The latter sugar, in combination with nitrog¬ 
enous raw material, is a constituent of the brain and nervous 
tissue. This is perhaps the reason why milk sugar forms a part 
of the natural diet of young mammals. 

Starch and dextrin (§308) are readily converted to maltose by 
an enzyme calk'd ptyalin, present in the saliva: 


2CY,H, 0 Or ) + II L ,<) = Gn-H-jOn. 

Starcli or M:iltosr 

dextrin 


This process, begun during mastication, continues for a time in 
the upper end of the stomach, where the digestive fluid is neutral 
or slightly alkaline. It is finished just after t lit* food is discharged 
from the stomach, by the pancreatic diastase of the pancreatic 
juice. Finally, the maltose is hydrolyzed to glucose by a third 
enzyme, maltase, of the intestinal juices: 


C' 1 ^1X2*2^ h 1 

Maltose 


+ II 2 O = 


2CkiHi v( )(j. 

(illlCOM- 


The simple sugars (glucose, fructose', and galactose) produced 
by the processes just mentioned, are absorbed by the intestinal 
walls arid enter the blood stream. Glucose, indeed, is everywhere 
present in the general circulation, to the amount of about. 0.1 per 
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cent; but any excess of glucose, and perhaps all the fructose 
absorbed from digested food, is converted into glycogen —or animal 
starch, (CoHioOr>).r, a white powder soluble in water, which is 
stored up in the liver and in muscular tissue in all parts of the 
body—a reserve supply of carbohydrate. 

Over half the energy needed by the body to maintain its tem¬ 
perature and to do muscular work comes from the oxidation of 
the glucose of the blood, in a succession of stages not yet fully 
worked out, to carbon dioxide and water: 


< V.II i A h = <»(TD+Cd I,.( >+077,200 calories. 


The total energy thus obtained by the body is the same as the 
heal energy that would be liberated by burning the same amount 
of glucose in a calorimeter. The carbon dioxide accumulating in 
tlie venous blood is eliminated through the lungs; and the glucose 
withdrawn from the arterial blood is immediately replaced from 
the stores of glycogen in liver and muscles. Carbohydrate material 
digested and absorbed in excess of the actual energy require¬ 
ments of the body will first produce glycogen; but if the excess 
supply is kept up, a deposit of fat will be formed. 

387. Digestion and Absorption of Fats.- The edible fats and 
oils a»e esters formed by combination of fatty acids with glycerol 
(equation in § 3t»2). 

Closely related to the fats are the lipoids, in which one of the 
three acid radicals is that of phosphoric acid, in combination with 
a nitrogenous organic bast'. An example is lecithin, the principal 
constituent of yolk of egg. The lipoids are essential constituents 
of nervous tissue, ami are intermediate in their properties between 
the highly hydrated proteins and the anhydrous fats. Thus, 
living tissue, by virtue of its content of lipoids, is able to absorb 
and retain considerable quantities of water, without being dis¬ 
solved. 

The first step in the digestion of fats takes place in the lower 
(pylorus) end of the stomach. Here, by action of the stomach 
juices, combined with vigorous churning movement, the fats arc 
broken up into minute droplets, which are dispersed to form a 
milky emulsion or colloidal solution. Thus, a physical condition 
is obtained that favors the ensuing chemical alteration, brought 
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to pass in the small intestine, under the action of a fat-splitting 
enzyme, lipase, secreted by the pancreatic juice. 

This chemical change is a simple hydrolysis, the fat being 
resolved into fatty acid and glycerol: 


RCOOCTL 

I 

R'-COOCII + 311011 

I 

ircoocih 

Fat 


R-COOII IIOCTI, 

+ ! 

R'COOll + HOUR 

+ ; 

lr-COOH IKK *11» 

Fat ly ai nls GImituI 


Both the products of this reaction appear to be absorbed by 
the intestinal wall, and are there resynthesized into fat, which is 
poured direct^ into the blood stream. "When large quantities 
of a digestible fat are taken with the food, a part of this may retain 
its original chemical composition after entering the circulation, or 
even after being laid down in the tissues. Thus, sesame oil fed 
to a cow may appear unchanged in her milk and butter; and beef 
tallow produced by animals fed on cottonseed meal often has 
some of the chemical characteristics of cottonseed oil. 


If given more time, however, the digestible fats are worked 
over and chemically alt ('red. Radicals of certain acids may be 
split off and replaced by others. Further quantities of fat may 
be formed from carbohydrates. 'Thus every species of animal 
tends to produce its own characteristic kind of fat, regardless of 
the food on which it subsists. 


388. Proteins.— Living tissue is composed largely of proteins. 
These contain carbon, hydrogen, and oxygen— the three elements 
present in the fats and carbohydrates—with nitrogen, and a very 
small amount of sulfur. A few proteins (conspicuously the 
phosphoproteins, contained in the brain and nervous tissue) con¬ 
tain phosphorus in addition. Proteins make up most of the solid 
matter of lean meat, as well as the glutenous (horny) portion of 
corn and other grains. A group of protein-like substances, (talk'd 
keratins, particularly rich in sulfur, are the principal constituents 
of horn and hair. 


The proteins are white powders, of very complicated structure, 
very few of which are eryslallizable. The; true; proteins, like many 
other colloids, absorb water readily, and in some cases are dis¬ 
persed by it to form colloidal solutions. The water-soluble pro- 
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terns arc called albumens. Other proteins are peptized (§ 383) 
by dilute salt solutions, or by cold, dilute acids and alkalies. 
Most, of the proteins contain about 16 per cent nitrogen, namely, 
about. 1 part nitrogen to 6.25 protein. The protein in foods is 
thus often roughly estimated by determining the percentage of 
nitrogen and multiplying that by 6.25. 

When proteins are digested, or boiled with dilute acids, they 
are decomposed, forming substances of simpler structure. The 
ultimate products of this process, which is really one of hydrolysis 
(§ 113), are the amino acids. These are crystalline substances, 
which may be considered as being derived from ordinary non¬ 
nit rogenous organic acids by replacing one or more hydrogen 
atoms by amino groups, —Nila, or closely related nitrogenous 
.groups. 

Kxamples of amino acids are: 


CllafNHjK'OOH 

(ilvnlif 


• CHaOII (NHo) • COOIT, 

Tyrosine 


ClhrCIKNlhO-COOH 

Aliimiu- 


(t 'sHrN ) • C Tb ■ COOH. 

Tryptophane 


Altogether, about two dozen different amino acids are known. 

The digestion of the proteins begins in the stomach, w T here 
they are hydrolyzed under the influence of pepsin. An interesting 
thing about this enzyme is that it is active only in the presence of 
a trace of hydrochloric acid, secreted by the glands of the intestinal 
walls. 

The process of, hydrolysis, begun in the stomach, is completed 
in the iniestine, under the influence of other enzymes. These are 
in marked contrast to pepsin, in that they are most active only in 
faintly alkaline media. 

The digestion of the proteins, in Ihe successive stages just 
mentioned, results in amino acids. These are absorbed directly 
by the intestinal walls, carried by the blood stream to different 
parts of the body, and absorbed by the muscular tissue. Here 
they are worked over and rebuilt into living protein. Finally, 
as the living protein is broken down, during vital activity or mus¬ 
cular work, it passes again through the stage of amino acids, 
which yield up their nitrogen in tin* form of ammonia, to be 
excreted at last as urea. 
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389. Energy Requirements of the Body. —The total quantity 
of food that a human being or an animal needs to consume is 
determined largely by the amount of energy that it needs to obtain 
from that food. The food serves as fuel, being oxidized within 
the body, just as coal is burned under a boiler, liberating energy 
in the form of heat. 

It is a matter of great practical importance, then, in the 
economical use of food, to determine what the actual energy 
requirements of the body are, in the different forms of rest or 
bodily activity. There are four different methods for doing 
this: 

1. By determining the total weight and kind of food consumed 
during a period of many weeks by individuals eating just suf¬ 
ficient food to maintain a constant body weight, while performing 
work of a definite kind. The energy value of this food can be 
determined by burning samples of it in a calorimeter (§ 332); 
for it has been shown that the same amount of heat (for fats and 
carbohydrates) is thus set free as if the food were digested and 
oxidized within the body, forming carbon dioxide and wafer. 

2. By determining the quantity of oxygen consumed and carbon 
dioxide exhaled, in respiration, during a definite period. The 
quotient, volume of carbon dioxide exhaled to volume of oxygen 
consumed, is called the respiratory quotient. When carbohy¬ 
drates are burned in a calorimeter or oxidized within the body, 
the volume of carbon dioxide produced is equal to that of the oxy¬ 
gen consumed, or the respiratory quotient, is 1: 


( \,H il>( hj-f-bt >l> 


<i( tOo-f-liTIaO. 


For the oxidation of fals and proteins, which require relatively 
more oxygen, the respiratory quoliont is lower about 0.7. A 
respiratory quotient of 0.8o on a low-protein diet would indicate 
that fat carbon and carbohydrate carbon were being oxidized 
within the body in about equal (plant it ies. 

Analysis of inhaled and exhaled air accordingly gives us an 
indication of the kind and quantities of fuel that are being oxidized 
within the body, after making allowance for the protein oxidized, 
as measured by the urea excreted. Knowing the weights of the 
three principal food constituents, and the fuel value of each, 
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one may make an est imate of the t otal energy requirements of the 
body, for the kind of bodily activity studied. 

3. By measuring the quantity of heat given off by the body, 
when a person is confined for a few hours in a small room with 
heat-insulated walls. Such a room is calk'd a respiration calorim¬ 
eter. 

4. By calculation from the weights and chemical analyses of 
the foods consumed in a definite short period, as compared with 
the weights and analyses of excreta and exhaled air. This 



Pig. 95 —-Determining the heating value of coal by burning a sample in a 
calorimeter (sec p 202). The rise of the thermometer is observed through 
a telescope The energy value of foods may be determined in the same 
way 


method assumes that, the amount of carbohydrate in the body 
remains constant during the experimental period, and that any 
increase or decrease in carbon or nitrogen stored in the body 
during the experimental period represents fat and protein. 

These four different methods are in very good agreement. 
They show, for example, that a man of average weight (154 lbs.) 
requires about 85 large calories (85,000 small calories) an hour, 
when lying at complete rest, without taking food. This energy 
is expended within the body in the work of respiration, circulation, 
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and other vital functions, and is liberated as heat. But the mere 
act of standing, or the work of digestion after meals, will add 
to this rate of expenditure of energy; and severe exercise will 
increase it several fold. 

Now, as to the amount of food that one would need to consume, 
in order to obtain the amount of energy that is calculated as 
proper for one day, we ought to note that, so far as any one now 
knows, energy is energy, regardless of its source. Disregarding 
the complications that would come from an attempt to exist upon 
■ a single kind of food, the body may obtain energy to keep the blood 
in circulation, digest food, or carry on any other bodily function, 
from any one of the digestible and oxidizable constituents of food. 

Foods rich in tat and poor in water have a much larger energy 
value than those poor in fat and rich in water. Thus, an ounce 
of olive oil is as good a sou ret* of energy as three pounds of cab¬ 
bage. In any cast', the percentages of protein, carbohydrates, 
and fat in a food (Appendix) will enable one to calculate the 
amount of energy one might reasonably expect to get by con¬ 
suming a given weight of it. 

390. Protein Requirements of the Body. —Though the energy 
requirements of the body, when performing various kinds of work, 
are fairly accurately known, there is difficulty in establishing the 
measure of its needs for protein. An adult person in good health 
is ordinarily in a condition of nitrogen equilibrium, proteins being 
digested and assimilated each day in quantity just sufficient to 
replace the nitrogen excreted through the kidneys in the form of 
urea. If the protein in the daily food is now increased, more 
nitrogen will be assimilated than before; but within a few days a 
new condition of equilibrium will result, in which the increased 
assimilation of nitrogen is balanced by increased excretion. This 
will commonly happen before the body has laid up any consid¬ 
erably increased store of nitrogen. 

The minimum daily requirements of the body for nitrogen 
cannot be estimated from the nitrogen (or urea) excreted from the 
kidneys during fasting. For the body under such conditions 
makes an effort to conserve nitrogen, and for a short time prob¬ 
ably excretes less of that element than it could continue to do 
indefinitely; while during the later stages of starvation, when 
the body lias consumed its reserves of carbohydrate and fat, it 
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is forced to burn protein instead, and the excretion of nitrogen is 
very much increased. 

Accordingly, it would seem that the question of the actual 
needs of the body for nitrogen is best studied by observing what 
quantity of protein has been consumed, on the average, by per¬ 
sons existing for a long time on a low protein diet, but in nitrogen 
equilibrium, and in apparently excellent health and vitality". 
This average sufficient protein diet is about 50 grams of protein a 
day. Allowing a 50 per cent excess as a “ factor of safety ”— 
to insure a stock of mobile or reserve protein in the tissues, to be 
drawn upon in emergencies—we find that a sufficient protein 


ration for an adult man, of average weight, is about 75 g. of pro- 

tein each day. This is contained in about— 

With a filet value 
of uhoul 

(A) 

0 S lb. dri(‘(l beans. 

1,200 large calories 


0 0 lb. lean beef sirloin (edible portion) 

oso “ 


1 S lbs. bread (white, average). 

2,100 “ 


1 7 lbs. cheese (American pale). 

1,100 “ 


f) pints milk.. .... 

1,000 “ “ 


1 lb. oatmeal. ... ... 

1,000 “ “ 


1 1 eggs (average). .... 

S00 “ 

(B) 

71 lbs potatoes (peek'd, raw) ... 

2.K00 “ “ 


2 lbs nee . 

3.300 “ 


17 lbs. butter . 

■>s,ooo “ 


This table makes it very evident that certain foods (Group .4) 
are so rich in protein that too much protein will be included if a 
diet, limited to these foods alone, is made of sufficient quantity to 
supply one’s needs for energy (2500 to 3500 large caloric's). Of 
other foods (Group B) some have so high a fuel value that too much 
energy may be available 1 if they are taken in sufficient quantity 
to furnish the proper supply of protein. A properly balanced 
ration must therefore include foods of both classes; but a further 
discussion must be postponed to (§ 393). 

391. The Ash Constituents of Food— Fifteen elements are 
known to be essential to the growth of the body. Of these, the 
three most plentiful in amount (O, 11) are present in the fats 

and carbohydrates; two others (N,S) are present in the simple 
proteins as well. The remaining ten (five non-metals P, Cl, I, F, 
SI; five metals Ca, K, Na, Mg, Fe) are contained in food and in 
the body itself, in part in organic and in part in inorganic form. 
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Thus, when we rofcr to those ton elements (and S) as the inorganic 
constituents of food, we are merely using a manner of speech to 
distinguish them from tin* elements ((), C, II) most abundantly 
present in the bodily structure; and we do not mean to imply that 
they are not. built into true organic compounds during the processes 
of metabolism. Phosphorus, for example, occurs in the body jn 
inorganic form, as the calcium phosphate of the bones, as well as 
in the pliospho-proteins, and in the fat-like subst ances called 
lipoids (§ dS7). Sometimes these eleven elements are referred 
to as the ash constituents of the body, for they art' always pretty 
largely retained in the ash that is left behind \^hen such material 
is burned, whatever may have been the nature of the compounds 
in which they were originally present. It is fortunately true that 
whenever enough food is taken to satisfy the needs of the body for 
energy and protein, the ash constituents are usually supplied auto¬ 
matically in sufficient quantity. With phosphorus, calcium, and 
iron, however, there is some danger of running short. 


An adult person is apparently safe if provided with 1.5 g. of phosphorus a 
day. This quantity oi the (‘lenient is to be obtained with certainty only by 
taking care that foods rich in phosphorus (milk, beans, whole wheat, oatmeal) 
form a sulhcicnt part of the diet; and there is the further question, not yet. 
entirely settled, whether phosphorus of inorganic salts is (pule so valuable a 
nutrient, especially for growing children, as that contained in organic forms 
of combination. 

Among the five metallic elements we find calcium the most, plentiful. In 
combination with phosphorus, as calcium phosphate, it iorrns most of the 
mineral matter of the bones- in fact over three-fourths of the ash constituents 
of the body. Rut equally important is the function of the calcium salts con¬ 
tained in the blood, in promoting its coagulation when a vein or artery is cut. 
Calcium and sodium salts, furthermore, have a regulating influence on the 
action of the heart. Heart muscle, immersed m a solution of blood ash, will 
continue to beat for a long lime, outside the body. 

Rut in spite of the great importance of calcium in the metabolism, it. is 
the element most likely to be msuflicicntlv supplied in ordinary diels. A suf¬ 
ficient quantity of calcium for an adult person is believed to be about 0.7 g. 
a day; though several times that amount may bo required during rapid 
growth. Meat happens to be* very deficient m calcium. The most practical 
means of securing an abundance of calcium in the diet is to make liberal use 
of foods that contain it in conspicuous amounts (cabbage, turnips, milk, 
cheese;). 

Iron is of great importance as an essential constituent of the red coloring 
matter (haemoglobin) of the blood. In t his form it serves as a carrier of oxygen, 
enabling the oxidizable constituents of the tissues and blood-stream to be 
oxidized, with the release of energy. Numerous experiments seem to show' that 
the iron of haemoglobin can be derived only from the iron present in the foods' 
in organic forms of combination. Such organic compounds of iron arc found 
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conspicuously in preen vegetables and in eggs. These should form a part 
of the diet if danger of iron starvation is to he avoided. A few milligrams 
(lf>-20) of organic iron are probably sufficient for the average man. Women 
and children require relatively more*, in proportion to their weight. 


392. Vitamines.- The* vi tan linos, a group of substances of 
little known nature, are needed in traces for normal growth. They 
are present especially in dairy products and green vegetables. 
The evidence for the existence and nutritive* importance of the 
vitamines is entirely indirect, it has long been noted that cer¬ 
tain obscure 4 diseases, such as scurvy ami beriberi, art* frequent 
among those who are* compelle'd by force e>f circumstances to 
subsist for long periods tm an unvarioel elie*t. This is true even 
though their food evidently e*e>ntnins suffie*ie*nt quantities e>f the 
throe most prominent died ary ingredients- the* carbohydrates, 
fats, and preiteins. Moroover, the victims of these peculiar 
ailments are* often cured by a trifling epiantilv e>f seime new food- 
stuff. Wlieile* e*re*ws of ve*sse*ls making prolemge*el voyage's have 
sometimes be*e*n stricken eleivvn with scurvy, then miraculously 
cured by a few raw peitateies, or a little lemem juice. 

Since* very minute epiantitie*s of such materials are sufficient 
to produce* a cure*, it is evielemt that they ele> not act by supplying 
the needs of the* body fe»r the meire obvious dietary essentials. 
The vitamines are apparently organic substane*e*s whie*h are assim- 
ilate*d in very small amounts, or which act by the*ir mere 
presence to enable* the other dietary ingredients to be assimilated 
-- as though tlu*y we*re* nutritive catalyzers. 

Whatewr the e*he*mie*al nature of the vitamine*s may be, 
mimeTOiis researe*hes with experiuie'iilal animals show that vita¬ 
mines eliffe*r among thennselves in their solubility in different 
solvents, the*ir resistance to destruction by heat e>r alkali, and in 
other ways. The three* kinels first distinguished (A, 11, (') are 
all ncc<\ssary to normal growth and reproduction. In addition, 
vitamine which occurs ('specially in given vegetable's, plays 
an important part in promoting appetite*. Scurvy develops 
in the! absence* of vitamine* (’, and is cured bv the use of foods 
containing it. It is less resistant to heat than the other vitamines 
- a reason why pasteurized milk is not desirable for small 
children, unle'ss supplemented by orange juice,, or other material 
rich in vitamine C. 
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It has recently been found that alfalfa and the roots of 
sprouted barley contain a substance (or a mixture of sub¬ 
stances) a mere trace of which is capable of stimulating the 
growth of the yeast plant in a very remarkable way. This 
“growth catalyzer for yeast.” has boon named bios. (Irowth 
catalyzers for bacteria and for rats (vitamin 1)) appear aljso 
to exist. In addition, there is some evidence for the existence 
of still another vitamin, necessary for reproduction though not 
for normal growth. 'Phis appears to be present in a number 
of common cereals. 

The body appears to lie unable to synthesize the vitamins, 
but must find them, ready-made, in tin* food. On the other 
hand, there appears to bo no reason why oik* should eat patent 
cereal preparations or yeast cakes through fear of failure to obtain 
vitamines. A diet sufficiently varied, with a proper supply of 
fruits, vegetables, dairy products, and whole cereals should supply 
these unidentified dietary essentials quite automatically. 

393. Standard Diets. —There seems to be little ground for 
the common assumption that appetite may serve as a safe guide 
to the quantity and kind of food that one's diet should include. 
Appetite, if it does anything, may perhaps indicate the body’s 
requirement for energy; but that this requirement may easily 
be exceeded is shown by the* fact that many persons of sedentary 
occupation grow corpulent. The excess of fuel, instead of being 
burned up day by day, goes to overburden the tissues with a 
useless store of fat. In no case is appetite any measure of the 
body’s needs for protein, phosphorus, calcium, iron or the several 
vitamines. 

The energy and protein requirements of an adult person may 
be calculated with sufficient accuracy from the data of the preced¬ 
ing pages about 2500 to 3000 large calories, and 75 g. of protein 
per day, for a man of average weight, at light or moderate physical 
exercise. Heavy exercise may more than double the energy 
requirement, but the protein requirement will remain unchanged, 
unless the exercise actually builds new muscle. There is nothing 
to indicate that muscular tissue wears out any more rapidly when 
used than when at rest, provided that it be supplied with a suf¬ 
ficient amount of non-nitrogenous material (fat and carbohydrate) 
to furnish the energy expended in exercise. But, since the effect 
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of exercise is usually to cause one to take more food of much the 
same chemical composition as before, increased exercise in practice 
means an increased intake of protein foodstuffs. 

One of the important problems in compounding a ration is 
the maintenance of a proper ratio between protein and the other 
constituents of the diet. This is most conveniently calculated 
with the help of the nutritive ratio—the ratio of calories derivable 
from the whole diet to those derivable from protein alone. Since 
fat has 2 \ times the fuel value of either carbohydrate or protein, 
the nutritive ratio of a food is plainly ((M- 1H 2JF) P; in which (\ 
P, and F represent the percentages of the three principal const it- 



Fio. 96—Research in biochemistrv TTnivorsity of Wisconsin. Two rats 
of the same sex and hi ter. The rat on the left received a diet deficient, 
in one of the essential amino acids The one on the right obtained a 
little of this substanee. in addition to its other food. 

units of the food. When the nutritive ratio of the principal 
foods is known, the calculation is easy. Foods with a high nutri¬ 
tive ratio ttre combined with those with a low nutritive ratio, to 
give a diet with a proper average value. 

There is fortunately little cause for fear that when protein is 
present in the diet in sufficient quantity it may still be deficient in 
quality. Certain individual proteins, in purified form, are known 
to be incapable of sustaining life or maintaining growth unless 
combined with other proteins, it appears that they lack certain 
essential amino acids (trytophane, cystine, lysine) which the 
body seems to be unable to synthesize, but must find ready made 
in the fragments of the protein molecules that art' digested. In 
any normal diet, however, and even in individual grains, it is 
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probable that the different essential amino adds are all present 
in the mixture of proteins that is present. 

Children require relatively larger amounts of both energy and 
protein than are needed by adults. A child of ten, for example, 
may require two-thirds the adult ration of each of these essentials. 
They also need a more than proportionate amount of the inor¬ 
ganic elements most likely to be deficient namely phosphorus,* 
calcium, and iron. Of special importance, too, in the feeding of 
children, art* the* vitamines. 

The preceding brief discussion is sufficient to show that the cal¬ 
culation of a proper standard diet is a very complicated matter. 
Most of us are overfed in protein, and perhaps in energy, while 
running some risk of obtaining an insufficient supply of phos¬ 
phorus, calcium, and iron. A little more thought to such masters, 
with the guidance to be had from ora 1 of the text-books on the 
subject, would perhaps improve the health of the average man, and 
would certainly save him money. In raising farm-animals for the 
market, such considerations, of course, make all the difference 
between profit and loss. 


EXERCISES 


1. Compare the successive steps in t tie diction of starch with the chemical 
process by which glucose sirup ( § 309 ) is prepared. 

2 Zein, the chief protein of corn, contains about Ob per cent sulfur 
Assuming it contain but one atom of sulfur in a molecule, calculate its molecu¬ 
lar weight 

3. Hy what is known as the* Kjeldahl method, the nitrogen contained in 5 g 
of a foodstuff is converted into ammonia Tins proves just sufficient 1o neu¬ 
tralize 20 uc. of X, 10 acid. Calculate the percentage of nitrogen and “crude 
proteid” in the foodstuff. 

4. Tabulate the digestive enzymes mentioned in this chapter according to 
the nature of the materials that they altei and 1 lie products that they form 

5. From the data of Appendix B calculate the nutritive ratios of four differ¬ 


ent foods of dissimilar character. 

b. From the available energy value of protein (about 4 large calories per 
gram) calculate the nutritive ratio of a food which willl supply 3000 large raJ- 
ories and 7o g. of proloin a day. 

7. Two foods have nutritive ratios of 4 and 12 What weight of each will 
need to be present in 100 parts by weight of a mixture of nutritive ratio 10? 

8. Which require a ration with the higher nutritive ratio, and why: 
young animals, growing rapidly: or mature animals, being fattened? 

9. Explain what is meant by “respiratory coefficient,” and tell something 
of its significance. 
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394. Carbon and Silicon Compared and Contrasted.—Now 

that we have completed our survey of carbon, let us turn to silicon, 
the element revealed by the periodic table as carbon's next of kin. 
The resemblance* between the two elements are striking and 
important: 

1 . Both are non-motallie elements, melting at a very high tem¬ 
perature (Si, 1420°: (', over MOO 0 ). 

2. Both, in conformity with their non-metallic nature, form 
inactive acids, with similar senes of salts, the carbonates and 
met asili cates. 

3. Both have, almost uniformly, a valence of four, and con¬ 
sequently form numerous compounds of corresponding formulas: 


dll methane 

Cbllr,, ethane 
CC!Li, carbon tetrachloride 
(TICI 3 , chloroform 
CO;*, carbon dioxide 


Si I L| silieo-methane 

Si i>IIc, silico-ethane 

SiCU, silicon tetrachloride 
Silirb, silico-chloroform 
SKE, silicon dioxide 


But contrasts bet ween the two elements are quite as impressive 
as resemblances. 

1. Silicon is more than one hundred times as abundant as 
carbon; and its compounds, the rock-forming minerals, make up 
most of the solid crust of the earth. 

2. Yet what carbon lacks in abundance if makes up in capa¬ 
city for entering into combination. Over two hundred thousand 
different carbon compounds are known and catalogued; and hosts 
of others exist in nature, which have not. yet boon isolated and 
analyzed. The natural silicates, on the other hand, with such 
silicon compounds as have been prepared artificially, fall short 
of a thousand. This failure of silicon to duplicate the astonishing 
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versatility of carbon suggests that silicon atoms unite much less 
readily with each other to form extended chains and stable rings 
than do carbon atoms. 

395. The Plutonic Rocks. —We must make a brief excursion 
into the realm of geology, if wo are to get, any clear understanding 
of the nature of the minerals that servo as raw materials for the 
great silicate industries—the manufacture of glass, bricks, pottery, 
porcelain, and cement. 

In the interior of the earth, at a depth of say eighty or a hun¬ 
dred miles, there probably exists a region of intensely hot rock, 
confined under a tremendous pressure*, due to tin* weight of over- 
lying mat(*rial. We do not know whether this rock is actually 
molt,on, for we have no way of determining the temperatures that 
exist at such great depths; neither can wo estimate* the effect of 
pressure* in raising the limiting points, nor that of dissolves! gases 
in lowering the melting points of miimrals. We are moreover at a 
loss to determine' whether this rock magma is everywhere sensibly 
the same, or whether it varies in composition from place* to place or 
from depth to depth. 

Whatever the* answers to such questions may be, we are certain 
that, the magma is the source of all the rocks, minerals, and soils 
that oove*r the surface of the earth. Perhaps it is also t he source of 
the oce'an and the gases of the atmosphere. Tn many places it, has 
risen under pressure through cracks or fissures in the overlying 
layers—approaching near enough to the surface to lx* laid bare by 
subsequent erosion; or bursting forth in a fluid torrent from the 
crater of a volcano. Thus are formed the plutonic (or igneous) 
rocks, named after Pluto, the god of fire and of the underworld. 
They differ in chemical composition from place to place, due to 
variations in the original magma; or to change’s induced by con¬ 
tact with the rock-walls bet,ween which they have risen; or to a 
sorting or segregation brought about by deposition of crystals or 
escape of gases, while the material still was fluid. Even at the 
same place, successive outflows or extrusions often vary greatly in 
chemical composition. 

396. Different Physical Forms of Rock Material. —The physical 
characteristics of the; plutonic rocks of a single e;heiriical type may 
also differ widely. All magma at great depths appears to hold vast 
quantities of gases and water vapor, retained in solution under 
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enormous pressure. When this material has worked its way- 
upward toward the earth’s surface, a fissure may open suddenly 
and relieve the pressure, releasing vast quantities of superheated 
gas and water-vapor with an earth-shaking explosion, and blowing 
the whole contents of the volcanic throat skyward into atomized 
spray. The sudden cooling of this finely divided material pro¬ 
duces volcanic ash, which may rain down from the heavens for 
many days from the time of the original explosion, or be carried 
by winds entirely around the earth. Any magma which fails to be 
completely atomized may still be thrown into violent effervescence 
by the escape of gases; and if suddenly congealed while in this 
condition, the result is pumice— which has the appearance of 
petrified foam. Finally, when the foaming is past, there may be a 
quiet outflow of lava, cooling quickly lo a uniform glassy mass, or 
setting slowly to a mass of interlocking crystals. Ash, pumice, 
glass, or crystal-matrix—all may be but. different physical forms of 
identical chemical material. 

397. Minerals. —The magmatic outflows and extrusions from 
which the plutonic rocks arise, are commonly regarded as solu¬ 
tions of the oxides of the more plentiful metals (Al, Fe, Ca, etc.) 
in silica (KiOo). But what the real state of combination may be 
between the constituents of the molten magma—whether the 
calcium, for example, is present as a silicate or an aluminate, or 
both—we find it quite impossible to state. The most we can do is 
take note of the compounds that form and separate as the solution 
cools. 

On the average, the earth’s crust contains about two equiva¬ 
lents of metallic oxide for each molecule of silica. In other words, 
the solid rocks have an average composition approximating salts of 
metasilicic acid, JIjSiOa (§ 398). But. many individual rocks 
depart rather widely from this average. Bocks, for the most part, 
are not definite chemical ronqxnmds—though if they have cooled 
slowly enough they may contain crystals which are definite com¬ 
pounds, embedded in a glassy ground mass (supercooled liquid). 
Tlius granite consists of three different, types of crystals. 

The chemical individuals that go to make up the igneous rocks, 
or that are derived from the original magma by a process of crys¬ 
tallization are called primary minerals. But in addition to these, 
we know a great many derived or secondary minerals, produced 
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by alteration of the primary minerals, through heat, pressure, or 
circulating water. Thus feldspar, the principal constituent of 
granite, may be altered to mica and quartz by heat and pressure; 
or may produce clay by weathering. 

398. Classification of the Silicate Minerals. —It is often con¬ 
venient to consider the silicate minerals as being formed by com¬ 
bination of the different metallic oxides (CsiO, I'VO, Ke^Oa, AI2O3, 
K2O, etc.) with silica (SiOj). Among those relatively rich in 
metallic oxide are the orthosilicates, salts of the hypothetical ortho- 
siiicic acid (IUKiOj).* Examples are MgjSiO.j and /n^SiO*. 
With just, half this relative amount of base-forn^ing oxide are the 
metasilicates, salts of the hypothetical metasilicic acid (IlaSiOs). 
Examples are Na^SiOa, CaSi() ;! , Ab(Si( etc. 

Minerals relatively rich in silica are called polysilicates. 
Among these the trisilicates, salts of the hypothetical trisilicic 
acid (ILjSiaOs) are important. 

Many, but not all, of the feldspars are trisilicates. They form 
the most abundant group of minerals in nature and make up about 
60 per cent of the igneous rocks of the earth's crust. Potash 
feldspar, or orthoclase, for example, with the formula KAlSEOg, 
forms the large, oblong, pinkish crystals conspicuous in ordinary 
granite. 

399. Quartz and Other Forms of Silica.—Silica, or silicon 
dioxide, Si(> 2 , is known in at least six different crystalline forms. 
Of these the most common is quartz, which is found in large trans¬ 
parent crystals, which are hard enough to scratch glass. Quartz 
is a mineral second only to the feldspars in abundance, and is esti¬ 
mated to compose about 12 per cent of all the igneous rocks of the 
earth. It is also formed as a secondary mineral by deposition 
from solution. Quartz and tin* amorphous or hydrated forms of 
silica are very often colored by traces of organic matter (smoky 
quartz) or by oxides of manganese or iron (amethyst, agate, jasper, 
onyx). 

Certain minute aquatic organisms (diatoms, infusoria) and certain varie¬ 
ties of sponges, develop silieious skeletons which accumulate on the ocean 
bottom when the organisms die. Deposits up to a thousand feet, in thickness 
have: been found in various parts of the United States. This material is 

* The different classes of silicates illustrate the, fact, that, well-defined salts 
of a particular formula often exist, while the acid from which they appear to be 
derived is unknown (§ 103). 
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called infusorial or diatomareous earth ( kicselfiuhr ). Mixed with a little soap 
and sodium carbonate it is used as a scouring powder (metal polishes); and 
like fuller’s earth, an extremely fine clay, it finds application for adsorbing 
and removing tin* coloring matter from edible oils. 

Flint is composed of sponge spicules or other silieious organic residues 
cemented together by colloidal silicic acid and hardened by slow dehydration 
under pressure. 

400. Fused Silica. —Quartz is converted into other crystalline 
forms of silica at high temperatures; hut it proves impossible 
to melt any of these below 1(>70° C., a temperature far above 
anything attainable with a gas- or coke-fired furnace. But chem¬ 
ical apparatus of fused silica, manufactured by fusing sand in an 
electric furnace, is now of importance in the laboratory as a sub¬ 
stitute for platinum. In the chemical industries, sulfuric acid is 
now concentrated by being passed over a series of heated shelves 
or basins built, of fused silica, and arranged in the form of a cas¬ 
cade. Transparent fused silica has the advantage over glass of 
transmitting both visible and ultraviolet light. 

Fused silica is cheaper than platinum, and less likely to lose weight on 
being heated strongly (§t»(M). It has a smaller eoeflicient of expansion, a 
property that makes it less likely to crack on sudden cooling. A fused silica 
crucible may be healed red hot and plunged into cold water without being 
injured. The chief disadvantage of such material is its gradual transforma¬ 
tion, at temperatures above 1100° C., into crystalline varieties of silica, of 
inferior mechanical strength. 


401. Hydrated Silica. —When finely powdered silica is heated 
for a long time with water, best in an autoclave (§ 8li), at tempera¬ 
tures above 100° (\, a small part of it dissolves, forming a colloidal 
solution {sol ); while the remainder absorbs 15 to 20 per cent of 
water, forming a transparent, gelatinous mass or gel (§ 382). 
Again, when a soluble silicate (water-glass, § 105) is decomposed 
with an acid, there is obtained a highly hydrated gelatinous form 
of silica,* which may Ik* made to lose water gradually and con¬ 
tinuously by squeezing it. in a press, or even by exposing it to a dry 
atmosphere. Eventually but a few per cent of water may remain. 
Thus we know all possible stages between completely anhydrous 

* If t.he solution is very dilute there may not be any precipitate formed at. 
first,. The silicic acid is then in colloidal solution. On long standing, or by 
adding an electrolyte, the sol eventually becomes changed to gel. 
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silica and highly hydrated silica gels, containing as much as 98 
per cent of water. Nowhere is there evidence of the formation of a 
hydrate of silica, of invariable composition or definite formula 
(compare the case for Al(()H)s, § 471). 

402. Asbestos, Talc, and Mica. —Any silicate mineral having a 
fibrous structure is classified as asbestos, regardless of its chemical 
composition. The two most important varieties are hydrated 
magnesium silicates. One of these is short, fibored, but very 
infusible and acid-resistant. It is accordingly used for packing 
steam-pipes and furnaces, and in the chemical industries for fil¬ 
tering acids. The longer fiberod, less heat-resistant, variety, 
coming principally from Eastern Canada, is woven into fireproof 
fabrics. 

Closely related to asbestos is talc, also a hydrated magnesium 
silicate. This is a white mineral, with a flaky texture. It is 
soft enough to be scratched with the finger nail, and so smooth 
as to be almost greasy to the touch. It is used in cosmetics, 
for filling paper (§1171), for finishing leather, and for polishing 
glass and metals. Soapstone, used in electrical switchboards, 
and for sinks and table tops, is a relative 1 of talc. The United 
States produces over 100,000 tons of the two minerals each 


year. 

Mica is a familiar transparent mineral used in thin plates on 
stove doors. This is muscovite, or potash mica, a hydrated 
potassium-aluminum silicate 1 . Its crystalline condition permits 
it to be split into sheets as little as l-2o()0th of an inch in thickness 
(which is thinner than most tissue paper). 

The electrical industries use an amber-colored variety of 
mica known as phlogopito, from Eastern Canada. In this a 
part of the aluminum of the transparent variety is replaced by 
magnesium and ferrous iron. It has nearly the same hardness 
as metallic copper, and is therefore useful as an insulator 
between the commutator bars of dynamo electric machinery. 
Wireless telegraphy calls for large quantities in the manufacture 
of condensers. 


403. Zeolites. —The zeolites are a group of hydrated sodium- 
aluminum-calcium silicates, of indefinite composition, occurring in 
many weathered rocks and soils. They are remarkable in having a 
large part of their sodium but loosely hold—apparently by adsorp- 
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tion (§ 327)—and therefore readily replaced by other elements. 
Thus a solution of a potassium salt, percolating through a bed of 
zeolitic material, will yield up its potassium to the latter, in ex¬ 
change for sodium: 

Na-Zeolite+KC1 -> K-Zeolite+NaCl. 

% 

The fact that potassium is retained by most soils, while sodium 
tends to be leached away, may be partly duo to sodium zeolites 
in the soil, which offer up a portion of their sodium, in exchange for 
potassium. Artificially-prepared zeolites may be used for softening 
water (§ 462). i# 

404. Melting Points of the Silicates. —The industrial applica¬ 
tions of an artificial silicate are often determined by its melting 
point. The oxides that enter into its composition are themselves, 
for the most part, extremely infusible: 

Mg() CaO AlaOj Si0 2 
Melting Point, °C. 2800 2570 2050 1670 

But when any one of those has received an addition of a small 
amount of one or more of the others, its melting point is lowered. 
This is an illustration of the general principle that the melting point 
of a pure substance is always lowered by the addition of a small 
amount of something of different chemical nature from itself. 

But if more than a few per cent, of the other oxides is added 
to any one of the pure substances listed above, its melting point 
may begin to increase, on account of the formation of difficultly 
fusible compounds. With some of the simplest silicates the varia¬ 
tions in fusibility with varying eomjxisition have been fully worked 
out, and we are able to predict the melting point of any given sam¬ 
ple from its chemical analysis. Speaking in general terms, the 
polysilicates (§ 402) melt more readily than the basic silicates— 
.largely because silica itself melts at a lower temperature than 
the, other oxides concerned. It happens, for example, that 
the most fusible calcium-aluminum silicate is a mixture con¬ 
taining 67 per cent Si() 2 , 13 per cent AI 2 O 3 , and 20 per cent 
CaO (not. a definite compound, but roughly 30aO-Al203-9Si02). 

The fact that silicates with a high percentage of siliea have comparatively 
low melting points is found useful in the preparation and purification of metals. 




416 


SILICON AND BORON 


impuritios being removed in the form of readily fusible, highly silicious slags. 
In glass-making, too, a considerable excess of silica is necessary to secure a 
mixture which will become fluid enough at the temperature of the melting 
furnace to permit air bubbles and umlissolved particles to rise to the top and 
be skimmed away A glassy appearance is very characteristic of all the highly 
silicious artificial silicates; the more highly basic materials, such as furnace 
cinders, and Portland cement, arc quite dull and opaque Nevertheless at 
the temperature of an electric arc even these melt down smoothly to slags, 
that have a glassy appearance on solidifying 

406. Water-Glass. —The simplest of the artificial silicates are 
those prepared by fusing sodium or potassium carbonates with 
sand: 


Nu,('<>3+-1Si(>, — Na->0- ISitL+m- j 


The result is a glassy solid solution (§ 02) having an average com¬ 
position corresponding approximately to the above formula. If 
this material is digested with water in an autoclave (§ SO) at tem¬ 
perature above 100° ('., it dissolves very readily. On cooling to 
room temperature we have a thick, viscous solution, moderately 
alkaline toward indicators, and technically known as tralcr-glass. 


Wafer-glass solution is used H) as a cement, (2) for waterproofing sfonc 
surfaces: (li) as an adhesive m making pasteboard boxes; (1) as a filler in 
the manufacture of laundry soap (§;{(*.'!), and toi for preserving eggs. Vats 
to contain dilute acids are frequently lined with tile sel in a paste of powdered 
tale and water-glass. 


406. Lime-Soda Glass. —Any mineral substance which breaks 
with a characteristic glassy fracture, and possesses a vitreous or 
glassy luster, with souk; degree of transparency, is often referred to 
in a loose sort of way as a glass. (Irdinary soft, or lime-soda glass, 
used for window panes and bottles, is a sodium-calcium silicate. 
But useful glasses have been prepared containing none of the three 
elements Na, Ca, Si. 

The most important raw materials for the manufacture of 
common glass are calcium carbonate, sodium carbonate , .and 
quartz. These must Ik* very finely powdered and intimately 
mixed. If the glass is to be; colorless the raw material should be 
free from more than traces of iron. When such a mixture is heated 
in a furnace the silica decomposes the carbonates, expelling carbon 
dioxide, and after a few hours the contents of the crucible melt 
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down into a clear liquid, which is purified by skimming and then 
cast or blown into molds. 

Sodium sulfate, in the presence of powdered coke, which serves 
as a reducing agent, is often substituted for sodium carbonate 
in the manufacture of glass. 

flNajC 03 +/>Ca(eSiOa = aNiiaO • bCtiO • cSi(>2+(a+Z>)CC>2. > 

The best limc-sodii glasses contain from about 1 1 to 2 molecules of Si0 2 for 
every ('(imvalent of base*. Of the total base present, from about 0.4 to 0.6 
is Na^O, and the remainder Cat). They therefore approximate the formula 
NajO-C'aO-O to SSjOj. But the Na..() and Cat) may be replaced in part or 
entirely by some ot her combination of bases, including lv.0, ZnO, BaO, or PbO; 
and the Si(b by otljpr acid anhydrides, ehieHy B-Oa and I^O.,. The glasses 
thus obtained have various special projicrtics. 

Colored glass is made by the addition of oxides of the heavy metals, to 
form colored silicates. Cobalt oxide gives a blue color; selenium dioxide or 
gold oxide, a ruby-red; cupric oxide, a blue under oxidizing conditions, or a 
dull red (duo to metallic copper) under reducing conditions; chromium triox¬ 
ide, a green; silver oxide, a yellow ; manganese dioxide, a violet. 

407. Optical Glass.—(Hass of a sort was known even to the aneients. 
The earliest glasses appear to have been of very inferior quality: dark and non¬ 
transparent; full of undissolved particles; and subject to destruction by crys¬ 
tallization Itlcnh ijiculinii). Class which is to be used for lenses must be 
almost, colorless, and uncommonly free from defects due to enclosed air bub¬ 
bles, solid particles, or lack of uniform composition. These requirements 
mean that optical glass must be stirred for a long time in the melting-pot, 
and cooled very slowly during a period of five or six days. But glass satis¬ 
fying the exacting requirements of modern optical instruments is only half a 
century old, the first of the recent advances being due to Scliott and Abbe, 
at Jena, who determined the effect of replacing lime and soda by other bases. 

Unfortunately these and later investigators in Germany and Austria 
concealed the more valuable part of their discoveries, and at the outbreak of 
the World War the Allies were unable to produce the optical glass that they 
needed for periscopes, range-finders, searchlight mirrors, gun-sights, and 
photographic lenses for aerial reconnaissance. In this emergency, American 
chemists were able in a few months to duplicate the most, important achieve¬ 
ments won by Central Europe during two generations. Optical glass recently 
produced in the United States is superior to any that has ever been imported. 

The older optical glasses were classed as crown (Jime-soda-potash) and flint 
(load oxido-soda-pntash) glass. By a combination of these two kinds of 
glasses it is possible to produce a lens that, will form an image that is both 
anastiymatic (free from distortion) and achromatic (free from rings of color). 
In (he modern optical glasses a part or all of the silica is often replaced by 
boric oxide (lbOn) or phosphoric oxide (lbO*); and a part or all of the lime and 
soda by the oxides of barium, zinc, magnesium, or even aluminum. 

408. Chemical Glassware.— Chemical laboratory apparatus 
needs to be (1) mechanically strong; (2) less liable to break than 
ordinary glass when subjected to sudden temperature changes; 
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and (3) as nearly insoluble as possible in water, dilute acids, or 
dilute alkalies. Increased resistance to mechanical and thermal 
shocks is obtained by substituting B 2 O 3 for a part of the Si 02 of 
common soft glass, and decreased solubility by partly replacing the 
alkalies (Na20 and K2O) by ZnO and AI2O3, or even by Sb 2 Qa. 

Pyrex glass, a boro-silicate glass of American manufacture, is superior in the 
three qualities we have mentioned to the best of the Jena laboratory glass, which * 
was in almost exclusive use in our laboratories prior to 11)14. It is especially 
valuable in accurate quantitative analysis, since it. is almost free from calcium 
and other alkaline earth metals, which ordinary glass yields up to boiling 



Fig. 97.—A carborundum furnace Note the heavy copper conductors iu 
foreground. Each furnace consumes several hundred horse-power. 


aqueous solutions in very appreciable quantities. It is more infusible than ordi¬ 
nary glass, but may be worked readily in an oxy-acetylene flame. Combustion¬ 
tubing, which should have a still higher melting point, has a part of the Na^O 
of soft glass replaced by K 2 0 and BaO; and a part of the SiO* by B 2 0 3 . 

409. Carborundum. —Silicon carbide, or carborundum, SiC, is 
prepared by heating silica with an excess of coke to about 1800° C. 

Si0 2 +3C = SiC+2C0. 

An electric furnace is employed ( Fig. 97) with water-cooled ends and fire¬ 
brick walls, containing a charge of mixed quartz sand, coke and sawdust. 
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together with a little common salt, which has the effect of removing iron and 
other impurities in the form of volatile chlorides. A conducting core of 
graphitized coke, buried in t his mixture, becomes incandescent by the passage 
of the current, and after a few hours is found to be surrounded by carborundum 
crystals, SiC. 

Carborundum is produced in crystalline masses, of a violet- 
black, iridescent hue, rather brittle, but almost, as hard as dia¬ 
mond. The powdered material, with a little clay or feldspar as a 
binder, is molded into grinding wheels, which after firing at a high 
temperature may be used for grinding automobile cylinders and 
other metal parts to exact dimensions. 

410. Elementary Silicon. — Elementary silicon is prepared on a 
large scale by heating sand with coke in an electric furnace con- 


Cathodca 



Fie,. OS.—A silicon furnace. 


sisting of a fire-brick box lined with carbon (Fig. 98). A set of 
heavj' - graphite electrodes, lowered from the ceiling, form an arc 
in the interior of the charge. At the high temperature thus 
reached the silica is quickly reduced to elementary silicon, which 
collects at the bottom of the furnace in molten form, and is tapped 
out from time to time. 

Silicon is a brittle solid of a silver-grey luster and high melting point 
(1400° C.), a little heavier than sulfur, but only about a third as heavy as 
copper and iron. It is extremely resistant to acids, but is readily dissolved by 
alkali hydroxides to form soluble silicates. It has been used to a slight extent 
(1) in acid-proof castings; (21 as a substitute for carbon in the reduction of 
iron, chromium, and other metals from their ores, when it is desired to produce 
carbon-free alloys; (3) for mingling with common steel to produce silicon- 
steel (§ 501). 

Of greater commercial importance than silicon itself is frrro-silicon, an 
alloy containing 10 per cent to 75 p(T cent iron. It is produced in an electric 
arc furnace in the same way as pure silicon; or else (for low percentages of 
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silicon) by reduction in a blast, furnace (§ 492). Its most important use is in 
steel making, to remove the oxygen which is dissolved in molten steel, and 
which would cause imperfections in steel ingots or rails, if allowed to remain 
(§ 496). We have already noted the use of ferrosilicon in generating hydro¬ 
gen lor military purposes (§ 70). Iron-silicon alloys with 10 or 15 per cent 
of silicon are used for acid-resisting pipes, kettles, and other castings ( tantiron , 
duriron). These are very hard ami almost acid-proof, but are brittle, and 
liable to craek if incautiously heated. , 

BORON 

411. Boron, and Boron Minerals.— A very interesting; element 
is boron. From its position at the head of column III A, in the peri¬ 
odic table, we should expect it to lie related to aluminum. It does, 
in fact, have the same valence as aluminum (three); but in most 
of its chemical properties is non-metallic and very closely related 
to silicon. Moreover, its oxide replaces silicon dioxide in many 
glasses, glazes, and enamels—a practical reason for its considera¬ 
tion here. 

Elementary boron has boon prepared by reduction of the oxide, 
B2O3, in a covered crucible, with metallic sodium, potassium, 
magnesium, or aluminum (§ 478). 

Boron occurs in truces in a great many igneous rocks. The workable 
deposits of boron minerals occur mainly 111 dry countries, the most important 
ones in the United States being borax, or sodium tetraborate, NadL.t), • 1011^0; 
and colemarnte, or calcium borate, OadhiOiiThese occur 111 almost 
inexhaustible quantities in the alkaline lakes and deserts of Nevada and 
Southern California. 

412. Borax.— Borax , or sodium tetraborate, Na^BiCVlOHiiO, 

is the most important salt of boron. It reacts alkaline toward 
indicators, since the several boric acids, to lx* mentioned in the 
next section, are all very inactive, and their salts are all partially 
hydrolyzed by water. This alkaline reaction makes borax useful 
as an ingredient of washing powders and patent cleansers. It 
moreover softens water (§ 4G1), precipitating insoluble calcium 
and magnesium borates. Other uses are as a flux in soldering, 
and in the preparation of enamels and resistant glasses (§ 408). 

413. Boric Acids. —When a concentrated, warm solution of 
borax is decomposed with a dilute acid, double decomposition 
takes place, forming boric acid (orthoboric acid),* H3BO3. This 
is a slightly soluble substance, which crystallizes out in glistening 

• AIbo called boracic acid, particularly in medicine. 
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white flakes as the solution cools. It is somewhat volatile with 
steam, a fact that accounts for its presence in jets of water vapor 
that issue from the ground in the neighborhood of certain volca¬ 
noes. It is used in medicine, in antiseptic washes. 

If orlhoboric acid is heated in the air, it loses water, forming metaborie 
acid, IIB<)«, then tetraboric and, ll .H 4 0 7 , and finally boric acid anhydride, ©r 
boron trioxide, IU), ( . These all revert to orlhoboric acid when dissolved in 
water. The important borates are salts of metaborie and tetraboric acid. 


EXERCISES 

1 Summarize t.l*> chief points of resemblance and contrast between carbon 
and silicon 

2. Present some arguments for or against the existence of a definite* com¬ 
pound of the formula JbSi() l( . 

;t. What percentage of potassium oxide is contained in pure potash feld¬ 
spar? 

4. What is meant by a hypothetical acid? Clive two examples of such acids 
containing other non-metalhc elements than silicon. 

f» Write an equation for the preparation of water-glass by digesting pow¬ 
dered silica with caustic soda in an autoclave. 

li A lime-soda glass is to have the composition Nn a O-Cat)-CSiOi. What 
weight each of anhydrous sodium sulfate, limestone, and quartz will need to 
be taken for each ton of glass, assuming 10 per cent of the soda to be lost by 
volatilization and skimming? 

7. With anhydrous sodium carbonate at cents a pound, what must he 
the price of anhydrous sodium sulfate to compete in glass manufacture, assum¬ 
ing Ihe t wo salts to be of equal desirability, aside from their different content 
of Nat)? 

5. What are some of the principal optical characteristics desired in glass 
for lenses? What are the constituents of optical glass. 

5). List, three important commercial abrasives in the order of decreasing 
hardness, giving the chemical formula and principal uses of each. 

10 (live equations to show the use of ferro-silicon in preparing hydrogen, 
with regeneration of the sodium hydroxide. 

11. Write and balance an equation for the preparation of boric acid from 
borax. 

12. Anhydrous borax is fuses! with its own weight of powdered quartz 
and half its own weight of chalk. Calculate the percentage composition of 
the product in terms of its chief constituent oxides (Xa a O, CaO, Si() 2 , li 2 ():,). 

13. Write-equations for the preparation of ferro-silicon from quartz and 
hematite. Why may not these two equations be combined into one, by 
addition? 

14. Describe in detail laboratory methods by which it would 1)0 possible 
to produce alumina, potassium chloride, potash alum, and silica from potash 
feldspar, after first fusing the material with sodium carbonate. Write all 
equations. 

lfi. In what proportions must anhydrous sodium carbonate and powxlered 
qu ar t,z be taken to produce water-glass of the composition Na 2 0• 48i0 2 ? 
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What weight of raw material will be needed for a liter of water-glass solution 
of specific gravity 1 . 7 , containing 50 per cent solid matter? 

10 . A silicate mineral is finely powdered and evaporated to dryness with a 
mixture of IIF and cone. H 2 S(> 4 . Write equations to show what becomes of 
the silica and lime, originally present in the mineral 

17 . What raw materials would you suggest for preparing a blue enamel 
(a fusible glass) for jewelry? 



Part III 
THE METALS 


CHAPTER XXXJ 

GENERAL CHEMISTRY OF THE METALS* 


In the preceding chapters we have outlined the chemistry of the non- 
metals. These occupy the upper, right-hand corner of the periodic table, 
and include fourteen elements m all. We have also made brief mention of the 
six inert gases, occupying the extreme left-hand column of the table (§ 181). 
There remain for consideration the metals-—about tin in all, or more than two- 
thirds the total number of elements known. The present chapter will give a 
general survey of the chemical and electrochemical characteristics of the metals, 
the principles involved m preparing them from their ores, and in preparing 
their salts. Then, in following chapters, we shall consider the alkali and alka¬ 
line earth metals, and a few heavy metals of outstanding importance. The 
properties of all the rest, may be inferred in considerable detail from their 
positions in the periodic table. 


414. The Metals and the Periodic Table. —Review §§ 107, 
1G8, 260. Physically, metals are distinguished from non-metals 
bv their “ metallic ” luster, their conductivity for heat and elec¬ 
tricity, and their capacity for being rolled or hammered into thin 
sheets (malleability) or drawn into wire (ductility). The differ¬ 
ent metals, however, possess these properties to very different 
degrees. When very finely divided, they nearly all lose their 
luster and become black. Silver is sixty times as good a con¬ 
ductor of electricity as mercury; and tin, when somewhat heated, 
becomes almost as brittle as sulfur. Certain non-metals, further¬ 
more, are not entirely devoid of the physical characteristics of 
metals. Arsenic and selenium, for example, though non-metallic 

* Some of the topics of this chapter are best omitted with elementary 
classes; and others, perhaps, an* best, postponed to be considered in connec¬ 
tion with the metallurgy or electrochemistry of particular elements. 

423 
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in their chemical behavior, have a bright luster, and are reason¬ 
ably good conductors of electricity. 

On the whole, therefore, metals are most, readily recognized 
as such by their chemical properties: 

1. Metals form oxides that combine directly with non-metallic 
oxides, or dissolve in acids, to form salts — sulfates, nitrates, , 
acetates, etc. Such metallic oxides as are soluble in water dis¬ 
solve to form alkaline solutions. 

Write equations for the formation, in the two ways suggested here, of 
potassium sulfate from potassium oxide, and of ealeium nitrate from calcium 
oxide. 

9 

2. Metals combine directly with the halogens to form halides, 
which are either not hydrolyzed at all, when dissolved in water 
(halides of the light metals),* or are but incompletely hydrolyzed 
(halides of the heavy metals). Halides of the non-metals, on the 
other hand, are commonly completely hydrolyzed (§ 191). 

Indicate which of the* following halides are not hydtokzed at all, which 
only partially, and which completely calcium iodide, ferrous chloride, potas¬ 
sium fluoride, phosphorus tnbromide, silicon letrnfluoridc, aluminum bromide. 

What is the reaction toward indicators ($111) of the solution iotmed hi 
each of the above eases, and why? 

Formulate one of the eases m which hydrolysis is incomplete, as a rever¬ 
sible reaction, first in terms of molecules ($ lid), then m terms ol ions (§ 2011) 

3. Metallic ions commonly migrate toward the cathode (§ J (57), 
when an electric current is passed through a solution of a base or 
salt. Nevertheless, many heavy metals, especially in their higher 
valences, enter into groups that migrate toward the anode. 'Thus, 
when a current is passed through a solution of potassium chromate, 
K 2 Cr 04 , the potassium moves toward the cathode, and the chro¬ 
mate radical toward the anode. 

4. Metals commonly displace other, less active metals, from 
solutions of their salts, but never displace the most pronounced 
non-metals: 

CuS0 4 + Fe = EeSO.,H-Cii | . 

Write this equation in ionic form. Explain it as a transfer of electrons. 

These properties of the metals are all implied by the statement 
that atoms of the metals tend to lose electrons and thus form posi- 

* The Jliwridrs of the light metals are somewhat, hydrolyzed, however, for 
hydrofluoric acid is very inactive. 
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tively charged ions; while atoms of the non-metals (or groups of 
non-metallic atoms) tend to gain electrons, and thus form nega¬ 
tively charged ions. 

The light metals are definitely metallic by all the tests we 
have mentioned. The heavy metals, however, merge into non- 
metals by imperceptible degrees. Thus, the heavy line that 
commonly appears in the periodic table to separate these two ' 
classes of elements cannot, be drawn very accurately. Arrows 
in the periodic; table indicate the* order of increasing metallic prop¬ 
erties, or order of increasing electropositive character. Strictly 
understood, this is the order of increasing activity (as metals) or 
increasing tendency of metallic atoms to part with electrons and 
assume the condition of positively charged ions. It is the order 
of the electrochemical series (§§ 72, 422), read from below upward. 


Nevertheless, the expression “ order of increasing metallic properties ” 
is often used m a loose way to indicate tin* order of increasing degree of ioniza¬ 
tion or activity (as bases; of the hydroxides of metals; or the order of increas¬ 
ing difficulty in hydrolyzing salts, or in decomposing salts by heal (to form 
basic salts or oxides); or even the order ot increasing scarcity of compounds 
in which the given element forms part of a lion-metallic radical (anion). The. 
order of increasing metallic properties by these different tests is only roughly 
the same. 


All the salts of the heavy metals are more readily hydrolyzed 
than those of the light metals. The fact that all aluminum salts 
are partially, or even almost completely hydrolyzed is proof 
that, aluminum, though physically light, is chemically to be classed 
among the heavy metals. 

In the outlying portions of the periodic table, among the 
light metals and non-metals, the chief resemblances are between 
elements in the same vertical column. Among the heavy metals, 
however, resemblances are also to be found between elements in 
the same horizontal row. Thus, chromium (Cr) is not only 
related to molybdenum (Mo) and tungsten (\Y), elements occupy¬ 
ing positions .immediately below it, in column YlZf; but also to 
vanadium (Vd), on its left; and to manganese (Mn), on its right. 

In the transition group (YIII) these “horizontal relationships” 
are the important ones, while the “vertical relationships” are 
almost absent. Thus, iron, cobalt., and nickel are closely related 
to each other, but have little in common with ruthenium, rhodium, 
and palladium, or with osmium, iridium, and platinum. 
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The heavy metals are all to some degree related to the elements of the 
outlying groups of light metals and non-metals, as indicated by sloping lines 
in the table. Group I Vvl is very closely related to Group IV B; but the degree 
of relationship between “ main group ” and “ sub-group ” decreases with 
group numerals above and below four. Thus, Group I A has little in common 
with group IB; and Group VII A, little in common with Group VII B. 

It is interesting to notice that all colored salts contain elements from the 
heavy metal and rare earth groups, either as cation (e.g., Cu ++ ) or as aniop 
(e.g., C 1 O 4 )• 


The hydroxides of aluminum, zinc, lead, and a number of other 
heavy metals are amphoteric (Greek, both). This means that 
such hydroxides possess both the properties of bases and of acids. 
Zinc* oxide, for example, readily dissolves in cjilut.e sulfuric* acrid 
to form zinc; sulfate, Z 11 SO 1 (which makes zinc oxide a base); 
and in sodium hydroxide to form sodium zineate, Na^ZnOu 
(which makes it an acid anhydride). 

415. Occurrence of the Metals. —The periodic* table and the 
positions of the elements in the electrochemical series (§72) will 
help us to remember the forms in which the different metals occur 
in nature. 

It is plainly only under unusual circumstance's that a metal 
above hydrogen in tin* electrochemical series can exist in nature in 
the free or native condition, i.e., uncombined with other elements. 
For if such a metal were exposed to running water or to the mois¬ 
ture of the air, it would displace hydrogen and be itself converted 
into an oxide or hydroxide. Thus, the only metals commonly 
occurring native are copper, gold, silver, mercury; the members 
of the platinum group; and the members of the arsenic group. 

Members of Group LI (calk'd tin* alkali metals) occur in the 
complex silicate rocks and minerals, and in great deposits of soluble 
chlorides, sulfates, and carbonates. The important commercial 
sources of the other metals are, for the most part, insoluble com¬ 
pounds. 


Summary of the Occurrence of the Metals 

Group IA. Silicates; soluble chlorides, sulfates, carbonates. 
Group IIA. Insoluble carbonates, sulfates, silicates. 

Heavy metals below hydrogen in electrochemical series.— 
Native. Silver and copper occur also as sulfides. 

Other heavy metals. —Insoluble oxick's or hydroxides, sulfides, 
silicates, a few (Fe, Pb, Zn, Cu) as carbonates. 
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416. Metallurgy. —Whenever a mineral occurs in nature in 
sufficient quantity and purity to be useful as a source of the metal 
concerned, it is called an ore. The art of separating the metals 
from their ores, called metallurgy, had its beginnings long before 
there was any science of chemistry. The ancient- Egyptians and 
Babylonians, and primitive peoples in all parts of the world, 
since prehistoric times, separated copper, iron and a few other 
metals from their ores by processes that were the same in prin¬ 
ciple as those in use to-day. 

The metallurgical processes necessary in any given case will 
depend both on the nature of the ore and on the metal to be sep¬ 
arated. The heavy metals are the easiest to separate, and about 
half a dozen of them were in common use long before written 
records were invented. The light metals, on the contrary, have 
been known only about a century: and the most remarkable of 
them, radium, was discovered within the present generation;* 

The metallurgical operations (often called smelting operations) 
employed in winning the heavy metals fall into four groups: 

1. First the ore needs to bo separated from useless foreign 
material, collectively known as gangue, with which it is commonly 
associated in nature (quartz rock, sand, clay, or limestone). 
This ilia}' be done by sifting, or by selection by hand, or by wash¬ 
ing with a stream of water to carry away the lighter material. 
Sometimes the finely ground ore particles are floated off as a froth 
or foam, in the presence of a trace of oil (§ 520). Magnetic sepa¬ 
ration may be resorted to for removing Fe.{()|. Such preliminary 
treatment of the ore is known as concentration. 

2. After concentration, many ores need to be roasted. The 
process consists in heating the powdered ore in a current of furnace 
gases, mixed with an excess of air. Sulfur and arsenic are thus 
oxidized and carried away, and the on' is commonly converted 
into oxide: 

2ZnS-|- 3<> 2 -* 2Zn()+2S() L ,. 


3. Following roast ing conies reduction in a properly constructed 
furnace. The reducing agent is ordinarily coke or some other 
form of carbon, or carbon monoxide, produced by incomplete 
combustion of the carbon. 


ZnO+CO = Z 11 +CO 2 . 
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At the same time, a flux is commonly employed: namely, some 
substance of opposite chemical character to any ganguc that may 
still remain in the ore. A silicious ganguo will require a limestone 
flux, and vice versa. Flux and gangue unite to form a fusible 
silicate slag which floats on top of the molten metal collecting in 
the bottom of the furnace: , 

CuCOa+WOo -* (aSiO ;{ +C0 2 . 

In certain cases reduction is effected bv metallic aluminum, 
instead of carbon (thermite process, § 478): 

(V 2 (> ; ,-f 2A1 A1 2 0ij+2Ci? 


4. Finally, the crude metal produced by reduction needs to be 
freed from small quantities of other metals, by a process of puri¬ 
fication, or refining, in certain cases this is done by remelting 
with a properly chosen flux. Sometimes an electrolytic process is 
resorted to (§ 581). The alkali and alkaline earth metals are 
prepared by electrolysis of their fused chlorides or hydroxides 
(§§432, 448, 454). 

417. Solubility of Metallic Salts.— The terms soluble and 
insoluble are, of course, only relative. (Hass, quartz, and most- 
other substances considered as insoluble can be dissolved to a 
slight but measurable extent by prolonged boiling with water. 
Roughly, a substance that dissolves less than about 1 g. in 100 ec. 
is classified as slightly soluble; and one that, dissolves less than 
about 0.01 g. in 100 ec. as insoluble. 

The table on page 420, giving a rough survey of the relative 
solubilities of different salts should lx* eommitted to memory at 
once. Many practical applications will be found in what follows 

(§ 418 ). 


* Metals like gold, silver, copper, and platinum are not appreciably soluble. 
When they appear to dissolve in traces it seems likely that they are acted upon 
chemically to a very slight extent by the water, or by impurities dissolved 
in it. 
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Soluble Insoluble, 

Acetates, chlorates, nitrates AH None * 

Chlorides, bromides, iodides All, except Ag, Jig', Pb Tl' f 


Sulfates, chromates. All, except Ag, llg', Pb, Ca, Sr, Ba 

Sulfides. Croups I A, 

I1A All others 


Oxides, hydroxides, carbon¬ 
ate's, oxalates, .(borates, 
phosphates, silicate's, flu¬ 
orides) . (iroup IA Nearly all others 


Details will be found more accurately stated in the table facing 
the back cover. Notice that the salts of sodium, potassium, and 
ammonium are nearly all soluble (exceptions, § 411). 

418. Preparation of Salts.— Beview §§ 112, 138, JGl. One 
who has passed through a course in general chemistry should be 
able to prepare many simple substances, on demand, from others. 
Bkill in this very practical accomplishment comes only from prac¬ 
tice in the laboratory, and is the characteristic that distinguishes 
one who really understands chemistry from one who has merely 
memorized facts about it. In the end, however, laboratory prac¬ 
tice must be guided by a knowledge of general principles. The 
more thoroughly we understand these, the surer our progress in 
their practical applications. 

An important, group of laboratory methods are concerned 
with the preparation of salts. We usually start with (1) a metal; 
(2) a base; or (3) another salt containing the given metal. Any 
one of those throe may react with (1) a non-metal; (2) an acid, 
or acid anhydride; or (3) a salt derived from a given acid. Thus 
there are nine different combinations, representing nine different 
principal methods for preparing salts—together with various other, 
special methods. 

* Bill Ihcrc arc a few insoluble basic acetates and nitrates. 

t These are momiroi/s and thalloa* sails. Those of mercury and thallium 
in the higher valence (llg"', Tl") are soluble. Cuprous chloride, C’uCl, is 
insoluble, but is quickly oxidized and dissolved when exposed to the air. 
There arc 1 also a few insoluble basic chlorides (Sb, Bi, Sn, Pb). 
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Metal 

Rase 

Salt 

Non-metal. 

1 

4 

7 

Acid. 

2 

5 8 

Double 

decomposition 

Sail.. 

3 

(i 

0 


1. Direct union of metal and non-metal. This method of 
forming salts is of the greatest service when the use of water has 
to be avoided to prevent hydrolysis (as in preparing anhydrous 
aluminum chloride). The more active the two elements the easier, 
as a rule, to bring them into combination. 

Wilh 1,hc help of the index, review reactions previously studied for the 
direct union of metals with fluorme. chlorine, liminine, iodine, nitrogen, and 
sulfur. Write equations for reactions which you find mentioned but, not com¬ 
pletely formulated. 

Write equations for the preparation of calcium carbide, calcium phos¬ 
phide, aluminum nitride. 

2. Dissolving a metal in an acid. Review § 72. if the metal 
is active, any dilute, non-oxidizing acid of reasonable activity 
will commonly serve. The metallic atoms transfer electrons to 
hydrogen-ion, and the product is hydrogen gas. An inactive 
acid, however, will fail to dissolve the metal very rapidly; while 
if the metal is below hydrogen in the electrochemical series, it is 
usually necessary to use an oxidizing acid to dissolve, it. In this 
cast; electrons are transferred to the anion of the oxidizing acid, 
and tin; latter is reduced (§ 302). 

Write nn ionic equation for the action of hot concentrated sulfuric acid 
on copper. 

If a metal has two different, valences (Fe, Sn, Cr) it commonly 
assumes the lower one (almost entirely), when it dissolves in a 
dilute, non-oxidizing acid. 

How would you prepare ,stannous chloride from metallic tin, and how con¬ 
vert it into stannic chloride? 

Write molecular equations for dissolving each of the following metals in 
dilute sulfuric acid, or explain why it will not dissolve: Al, Fe, Ag, Li. Rewrite 
these equations in ionic form. 

3. Action of a metal on the salt of another metal occupying a 
lower position in the electrochemical series (§ 422). This dis¬ 
placement is commonly complete; though, if the two metals 
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(Sn, Pb) are very close together in the table of equilibrium poten¬ 
tials (Appendix G) it may remain incomplete. 

Write molecular and ionic equations for the preparation, by this method, of 
ferrous acetate from silver acetate. 

4. Action of a base on a non-metal. The most important 
examples art*, found among the halogens (§§ 184, 202). 

Write molecular equations for pood methods for preparing barium iodate, 
sodium chlorate, potassium hypochlorite. 

Translate these equations into ionic form. 

5. Action of a base on an acid. If the base and acid are both 
active, the reaction will be complete; otherwise there will be slight 
or complete hydrolysis (§ 113). 

Write molecular equations for good methods for preparing zinc chloride, 
cuprous bromide, cupric bromide, load acetate, ferric sulfate, aluminum nitrate, 
secondary sodium phosphate; ammonium oxalate, potassium bisulfate. 

Write these same equations m ionic foim (§208). 

0. Action of a base on a salt. If the reaction is to be complete, 
the new base formed in this double decomposition must be vola¬ 
tile, insoluble, or very slightly active. 

Write equations for the preparation of sodium sulfate from ferric sulfate 
and ammonium sulfate, respectively. Tell why the reaction is complete in 
each ease. 

7. Action of a non-metal on a salt of a given metal. The 

most, important examples are among the halogens (displacement, 

§ 200 ). 

State the rule that determines which of two halogens will displace the 
other. 

Show that the common method for preparing thiosulfates (§237) cornea 
under this general heading. 

8. Action of an acid on a salt of a given metal. Tf the double 
decomposition is to be complete, the same conditions must obtain 
as in (0). One of the products must be volatile, or insoluble, or 
slightly active. It is also commonly necessary that the acid 
used shall be active (§ 420). 

NjiN 0 3 +H 3 S0, — NiillSOj+llNOj T. 

Active 

HgNOa+Iin —* HNOa+IIgOl i . 

Active 

NII^HaOa+HOl -> NiLin+IIG.H ;1 0 2 . 

Active , NIi k (hI> ucti\p 
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9. Double decomposition between two salts. If the reaction 
is to be complete, one of the new salts formed must be insoluble. 

Starting with a nitrate of a different metal in each ease, write and balance 
equations for the production, by this method, of an insoluble' fluoride, chloride, 
bromide, iodide, sulfide, sulfate, carbonate, chromate', silicate, borate. 

What other salt than the nitrate might have been used throughout the; 
above reactions. 

Write tin* above reactions in ionic form (§ 2(>. r >). 

Litliopone is an intimate mixture eif zinc sulfide and barium sulfate. Tell 
how it may be made by a single double decomposition. 


In si modification of this method, double decomposition takes 
place between fused salts at a high temperature. This is a method 
by which many minerals are formed in nature. Its chief use in 
the laboratory is in bringing insoluble salts or silicate minerals 
into solution. Thus, glass (approximately a metasilicate, §400), 
when fust'd with an excess of sodium carbonate, is largely con¬ 
verted into calcium carbonate, which may easily be dissolved in 
dilute bvdrochloric acid: 


CmSiOa+Xa-COs CaC< ) ;{ +Na,.Si( 
CaCOs+2Iin — Ca.Cl 2 +IU)+r() 2 1 . 


In carrying out such a fusion, a platinum crucible is commonly 
used, since glass or porcelain would react with the sodium car¬ 
bonate. An excess of sodium carbonate is always used, for the 
reaction between the fused sails is reversible. 

419. Ion-Product and Solubility-Product. —If a number of 
different kinds of ions are present together in the same solution, 
the utmost concentration that any one of them can attain is deter¬ 
mined by the others. Thus, no very great concentration of Ag + 
can be present in a solution, in the presence of UrO.-j - , nor any very 
great concentration of Iir0 2 “ in the presence of Ag 1 ; for those two 
kinds of ions lend to separate together, taking up definite positions 
in space with respect to each other, to form crystals of the slightly 
soluble salt, silver brornate. 

If such a precipitate is actually to appear in any given case, 
Ag + and lirO;* - ions must be built into the crystal lattice (§ 95) at 
a rate more than sufficient to counterbalance the rate at which 
other ions, of the same* kind, depart from it. In other words, the 
reaction by which the precipitate is produced must have at least a 
certain minimum velocity. Now, reaction velocity, in such a 
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simple ease, is very nearly proportional to the product of the con¬ 
centrations of the reacting substances (§214). Accordingly, the 
product of the concentrations of Ag + and RrO;i _ must have a 
certain minimum value. Such a product of the concentrations of 
reacting ions, expressed in gram-ions * per liter, is called an 
ion-product, f The value which it has for a saturated solution of a 
given salt., is Called the solubility-product for that salt. 

Thus, the solubility, of si Ivor bromide is 0.00(5 molt* per liter. A saturated 
solution of silver bromide will therefore eonlain 0.00(5 gram-ion of Ag \ and 
0.00(5 gram-ion of Br(),.’; and the ion-product (which, for a saturated solu¬ 
tion, is the same as the solubility-product) will be 0.00(5X0.000 =0.000030. 

» 

In general, then, two oppositely charged ions may be present 
in a solution together provided the ion-product does not exceed a 
certain figure, which is the solubility-product for that temperature. 
The moment the ion-product does exceed the solubility-product, 
the solution becomes supersaturated, and precipitation may or 
may not take place. 

In this course wo shall be satisfied with this mere qualitative statement of 
the principle of the solubility-product, without attempting to apply it in cal¬ 
culating the actual solubility of one salt in the presence of another, when the 
two have sonic ion in common. Such calculations art* based on the assump¬ 
tion that the solubility-product of a salt dissolving in pure water is not appre¬ 
ciably different from its value in the presence oi small concentrations of other 
salts. 'Phis assumption seems warranted, so long as we deal only with slight ly- 
soluhle salts (such as AgBrO.-,) that dissociate in such a way that each molecule 
furnishes two univalent, ions. For salts furnishing divalent ions, and espe¬ 
cially for those furnishing trivalent ions, electrical influences come into play, 
that tend to increase solubility, and results calculated with the help of the 
solubility-product principle may not be even approximately correct. On the 
other hand, any very large concentration of the added salt will often cause' the 
solubility of the slightly soluble 1 salt to become less than that calculated from 
the value of the solubility-product in pure water. 

420. Precipitation. —Double decomposition, in terms of the 
ionic theory, consists in the direct union of oppositely charged 
ions to form a Slightly soluble or slightly ionized substance (§ 138). 
Thus, when a solution of a soluble strontium salt is added to a 

* A gram-ion is the weight in grams corresponding to the formula-weight 
of the given ion; 10 g. for C 'a * 1 , and 9(5 g. for S() i . 

t If two or three ions of a given kind are needed to form a molecule of the 
given precipitate, the concentration of that particular kind of ion must be 
squared or cubed, in forming the ion-product. 
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solution of potassium chromate, a yellow precipitate of strontium 
chromate is produced: 


Sr+++Cr0 4 — SrCr0 4 | 

Nevertheless, strontium chromate is not entirely insoluble; and 
after the process of precipitation is complete, the solution still 
contains small concentrations of the ions SH + and Cr0 4 —, in 
equilibrium with the precipitate. 

Now if a little acid be added to the solution, we find that the 
precipitate dissolves. This is because the hydrogen-ion of the 
acid combines with the chromate-ion of the* soluiion to form 
dichromate-ion: 

2Cr0 4 --+2Il+ -> Cr 2 0 7 -+II 2 (). 

TheCr0 4 thus removed from the solution of course tends to be 
replaced by the dissolving of a part of the precipitate; and if 
liydrogen-ion has been added in requisite concentration, the pre¬ 
cipitate may dissolve completely. Otherwise expressed, chromate- 
ion may be so completely transformed into dichromato-ion that 
the ion-product (cone, of »Sr ++ )X(conc. of 0r0 4 ™■), becomes less 
than that necessary for a saturated solution. 

In general, precipitation does not take place unless both of 
the substances furnishing the two ions of the precipitate are at 
least reasonably well ionized; for otherwise the product of the 
concentrations of the ions commonly fails to reach a sufficiently 
high value to permit a precipitate to appear. Hydrogen sulfide 
is actually the only slightly ionized acid that may be used as a 
precipitating agent; and it serves only for the production of a 
very few sulfides which happen to bo so extremely insoluble that 
the merest trace of sulfide-ion occasions their precipitation. 

To redissolve a precipitate, one of its two ions must commonly 
be made to combine with something else, and thus be put in 
reserve. For example, chromate-ion, in the previous example, 
was put in reserve as dichromate-ion, and thus caused the precipi¬ 
tate to dissolve. Again, calcium carbonate* readily dissolves in 
the presence of carbonic acid (§453), since one of its two ions 
(CO 3 —) then combines with carbonic acid to form acid-carbonate 
ion, HCO 3 -. 
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Slightly soluble salts of slightly active acids are almost 
always readily dissolved by active acids. Thus ZnC 2 0 4 and 
Ciia(P0 4 )2, though insoluble in water, readily dissolve in the pres¬ 
ence of 1 1 Cl; for the ions C 2 0 4 — and PO 4 then combine with 

11 +, and are thus pul, in reserve as molecules of the very moder¬ 
ately active acids, II 2 C 2 O 4 and II 3 PO 4 . 

421. Double and Complex Salts. —Double salts, properly so 
called, are those that furnish the same ions, when dissolved in 
water, as their constituent salts would furnish separately. Thus, 
ferrous ammonium sulfate, (NH 4 ) 2 Fc(SOi) 2 - 6 Il 20 , sometimes 
written (NII 4 ) 2 S 0 4 T'YS0 4 -GIDO, is a double salt because it 
furnishes the ions KID 4 , Fe+ + , and S () 4 . The alums (§479) 

are also typical double salts. 

Complex salts, on the other hand, furnish different ions from 
those that their constituent salts would furnish separately. Thus 
potassium ferricyanide, l\;{Fe(CN)o, is a complex salt, rather 
than a double salt; because it does not furnish the simple ions 
K*, Fe M b and CN~, but rather I\ + and the complex ion, 
Fe(CN)t; (called ferricyanide-ion). 

Often the distinction between double and complex salts cannot 
be very sharply drawn, for the simple ions that are characteristic of 
double salts do sometimes combine, to a slight extent, to form 
complex ions; while the complex ions that are characteristic of 
complex salts are dissociated, to a very slight extent at least, into 
ordinary simple ions (sec § 543). 

Now, a precipitate separates from a solution only when the 
product of the concentrations of its constituent ions exceeds a 
certain value. This cannot happen if the concentration of one of 
these ions has boon very much reduced, by its being withdrawn to 
form a complex ion. Thus, by adding NII 4 OH to a solution 
containing Cu ++ , we may withdraw most of the latter to form the 
complex copper-ammonia ion, Cu(NIl 3 ) 4 ++. In such a solution 
the concentration of ('u ++ is so much reduced that a precipitate 
of Cu(OII ) 2 is no longer formed on adding NaOH. Nevertheless, 
(NII 4 ) 2 S still brings down a precipitate of CuS, since this latter 
salt is so extremely insoluble that the merest trace of Cu + + is 
sufficient for its formation. 

Similarly, by the addition of KCN to a solution of a silver salt, 
the complex salt K-Ag(CN 2 ) is formed (§ 543). Silver is thus put 
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in reserve as the complex-ion, Ag(CN)2~; and, in the end, the con¬ 
centration of Ag + is so much diminished that AgCl is no longer 
precipitated if we add a solution containing Cl - . 


EXERCISES 


1. What is meant by the “order of increasing electropositive character)’? 

2 . With the help of tin* periodic table arrange the following elements as 
nearly as you can in the order of increasing electropositive character. Ke. He, 
Zn, Ca, K, Au, Cl. What relation does your list bear to the electrochemical 
series? 

3. Write formulas for such of the following compounds as you believe exist,, 
and tell why you believe tlie others to bo non-existent: boron hydride, selen¬ 
ium nitrate, niolyhdic acid, scaiulie acid, argon hydride, radium bromide, 
telluric acid, permanganic acid, rubidium fluoride, titanic chloride, cobaltie 
nitrate, boron acetate, nickclous hydroxide, telluric acid anhydride, zinc phos¬ 
phate, phosphorus nitmte, arsenic sulfate. 

4. What are some of the distinguishing properties of the heavy metals? 

5. Indicate whether you consider each of the following substances to be 

(a) insoluble; (b) soluble, forming a base; (n soluble, forming an acid; 
(tl) soluble, ionized; (o partially hydrolyzed; i/i eompleteh hydrolyzed; 
(g) non-existent: Mg(), As-c CaCl., 1’Br.t, M 11 SO 4 , Na«C() llt 

Si (NO,-. 1 4 . 

G. Explain why aluminum is never found native'. 

7. Explain why galena is regarded as an ore, while phosphate rock is not. 

8 . What weight of coke is needed to reduce a metric ton ( 1000 kg.) of 

ore containing GO per mil ]■’■.■<>;? How many cubic niclers of carbon monoxide 
will be given off (§147)? 

0 . lxiok up the solubility of silver acetate, in grams per 100 ee. Recal¬ 
culate this to moles per liter, and compare with the tabulated figure. 

10. From the preceding data, calculate the solubility-product for silver 
acetate. 


11. From the tabulated solubility of silver bromate, calculate the nu¬ 
merical value of its solubility-product, assuming complete dissociation. 

12. The ,s '/lability-pro,hirl of silver bromate in (lie presence of a slight 
concentration of another sail is assumed to be the same as it is in pun* water. 
Determine what the com cut nil ion of Ag ’ must become in the presence of an 
excess of HrO,r, when the total concentration of Br(), _ is 0.1 gram-ion per 
liter. 

13. Barium chloride is treated separately with each of the following 
reagents: Na«S() 4 , 1U>S0 4 , IIA'O.,, NaA'Rs. H->S, Na«S, HE, NaF. Write 
equations for such reactions as become practically' complete,. When prac¬ 
tically nothing happens, tell why. 

14. Explain, in general, how the precipitation of a salt may be made as 
complete as possible. 

15. Discuss the conditions that must be fulfilled in redissolving a precipi¬ 
tate. Illustrate wilh two examides, explaining what is put in reserve, and in 
what form, in each case. 
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422. How the Electrochemical Series is Extended to Include 
Oxidizing and Reducing Agents in General. —The electrochemical 
series, in its simplest form (§ 72), is a list of oxidizable substances 
(metals). Head from below upward, it gives the order of increasing 
ease of oxidation. * Metals nearest, the top art' the most readily 
oxidized, that is they part most readily with electrons to form 
cations: 

Xa —* Xa 1 +r. 


But our list may readily be extended, to include other oxi¬ 
dizable substances than the metals themselves, such as oxidizable 
cations (I‘V + and Sn + M. Moreover, certain anions are oxidiz- 
able, that is, may be made to part with electrons, and be dis¬ 
charged : 

2C1- —t'l 2 1 +2c. 


Oxidation results in a metal going into solution as a cation, or in 
the valence H-) of a cation being numerically increased; or it 
results in an anion being discharged from solution, or in its valence 
( —) being numerically decreased. 

Our list of oxidizable substances, then, will be made up of 
metals, oxidizable cations, and a few common anions. These 
are reducing agents. Arranged, again, from below upward, 
in the order of increasing case of oxidation, which is the order of 
increasing artirilg as reducing agents , we have the list given in 
the left-hand column of the table on the next page. 

Similarly, in the middle column, we may prepare a list of 
reducible substances. These are merely the oxidized forms of the 
substances in the other list, and will therefore include cations 
and uncombined non-metals. These are oxidizing agents. Xat- 
urally, substances at the bottom of this new list, which were the 
hardest to produce by oxidation, will be the easiest to reduce. 

437 



438 


ELECTROCHEMISTRY 


In other words, this new list, read from above downward, gives 
the order of increasing ease of reduction, or the order of increasing 
activity as oxidizing agents. 




Qxidizahle 

Reducible 






substances 

substances 


Potential 



{Reducing agents) 

(Oxidizing agents) 



(in volts) 

+2 90 



Li ^ 

Li* +<■ 





K ^ 

K 4 +r 



+ 2 1)2 



Nil 

Na + +r 



+2 72 

ss 

o 


Mr r-* 

Mr 4 * +2r 

.3 

k p 4 

+1 55 

o 

. cr 

fe 

A1 ^ 

AI 4 4 4 + 4r 

53 

©a 

+ i :?s 

O' 

C 

Zll ^ 

Zn 4 ‘ +2c 

e 'w' 

53 

ga 

+ o 7r, 

K 

<3 

<«*. 

iO 

Fe ^ 

Fr 4 '+2e „ 

© 

1 ~ 

1 M 

+ 0 45 



(’d ^ 

CYl 4, +2e 


I '■o 

i m 

+ 0 10 

cu 

cc 

5+ 

Ni r* 

Ni 1 4 +2c 

© ' 
r/ 

5 

+0 21 

C5 

<w 

cr 

PI) 

Pb* 4 +2r 

«3 


+0 12 

g-„ 


Sn 

Sn ' 4 +2e 

gs 

i .■? 

+ 0 13 

o 

'o 

Cc 

3“ 

’o 

11 

II 4 +r 

y. 

■ 

+0 00 

e 

e 

t’u 

Cu ,4 + 2f 

© 

>*■ 


-0 45 

•S 

Ca 

O 

4011- 

0,+211,0 + lr 

c 

ga 

-0 40 

K 

* 

21 ~ 

1 , + ‘2t 



-0 54 

c* 

C 

V* 

Fe 1 * 

Fe 4 4 4 -f e 


53 

£ 

-0 74 

Ss. 

rs 

g 

■O 

Ar 

NO+ 211,0 r-> 

Ap 4 + r 

NO,,' +4H +4r 


g 
i o 

-0 SO 
-0 05 


© 

2Br “ _► 

Pr,-f-2c 


© 

-1 OS 



2C1- ^ 

n- + 2r 



-1 45 



Mn 4 4 +4H,0 ^ 

MuO* - +SI1 4 -f be 



-1 52 


423. Application of the Electrochemical Series to Replacement 
Reactions, and to Oxidation and Reduction in General.— The 
electrochemical series, as just presented, gives an indication of 
whether any specified reaction of oxidation and reduction is pos¬ 
sible or impossible. If the reducing agent occupies a higher posi¬ 
tion in the table than the oxidizing agent, the reaction is possible, 
and under proper conditions may be expected to take place. 
Thus Fe, in the list of reducing agents, occupies a much higher 
position than Cu f + , in the list of oxidizing agents. Thus we may 
expect Fe to reduce C'u 1 4 to metallic copper: 

Fe+Cu ++ = Fe ++ +Cu. 

In other words, electrons are lost by the metallic iron, and trans¬ 
ferred to copper ions, causing the latter to be deposited as metal. 
This is the ionic representation of a replacement reaction, other¬ 
wise formulated: 

Fe+(hiS() 4 = Cu+FeS().i. 
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Similarly for other replacement reactions, and for oxidation and 
reduction in general. Ag, in the list of reducing agents, occupies a 
position above CI 2 , but below I 2 , in the list of oxidizing agents. 
Thus Ag and CI 2 combine directly to form AgOl; while Ag and I 2 
do not combine directly. 

Nevertheless, the series has several distinct limitations, which 
must be kept in mind: 

1. The positions of substances with respect to each other in 
the electrochemical series are not absolutely fixed, but are depend¬ 
ent on the temperature and on the concentration of the ions con¬ 
cerned. —Increasing the concentration of an oxidizable ion makes it 
easier to oxidize 1 ; yi creasing that of a reducible ion makes it easier 
to reduce. Thus, by increasing the concentration of a solution of 
11C1, Cl - is more readily oxidized to gaseous chlorine, at the anode; 
and 11 + more readily reduced to gaseous hydrogen. 

2. A substance sometimes appears to lose or gain electrons so 
slowly that other substances, less readily alterable, are given a 
chance to react. Thus, a heavy current, passed through an 
acidified solution of C11SO4, not only reduces Cu 44 to Cu but even 
some II+ to II 2 ; and this in spite of the fact that H 4 is less readily 
reducible than Cu++. 


3. A catalyzer must often be present before a substance can be 
oxidized or reduced as readily as its position in the electrochemical 
series would indicate. Thus, gaseous hydrogen (Ila) as a reducing 
agent, and hvdrogen-ion (II 4 ) as an oxidizing agent, occupy the 
positions assigned to them only in the presence of finely divided 
platinum or palladium. This is the principle of the hydrogen 
electrode (§ 271). 

Again, according to the electrochemical series, II 2 should 
reduce O 2 , thus forming 11+ and OH~ (namely II 2 O); but at room 
temperatures, in the absence of a proper catalyzer, the reaction 
is too slow to be perceptible. 

Such examples make it very apparent that the electrochemical 
series indicates plainly when a reaction is impossible; but that a 
reaction which it shows to be possible may proceed at an inap¬ 


preciable velocity. 

424. How Chemical Reactions Produce Electric Currents.— 


Chemists have long believed chemical reactions to be of an elec¬ 
trical nature. Atoms of the same kind or of different kinds com- 
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bine or part company because of the kinds or amounts of the elec¬ 
trical charges that they bear. Especially is this true of reactions 
of oxidation and reduction, which consist in the transfer of elec¬ 
trons (unit charges of negative electricity) from one atom or group 
of atoms to another (§ TJl). 

Now, if such a transfer of negative electricity does actually 
take place in every oxidation and reduction, we should be able t,<^ 
take advantage of it to produce an electric current. In principle, 
the thing is easy. Instead of allowing electrons to be transferred 
directly from one atom to another, we compel them to pass through 
a wire or other metallic conductor, on their way from the sub¬ 
stance that Joses them to the one that gains IIumii. 'Thus we have 


“ chemical action at a distance." 1 


The atoms or ions that lose 


electrons (or are oxidized) are definitely separated from those that 
gain electrons (or are reduced). Under such conditions, the energy 
that the chemical reaction would otherwise release as heat (§ 2IS) 
takes the form of electrical energy—a stream of electrons. 

The conditions to be observed are well illustrated in the sketch 


on the opposite page. A long, T-shaped tube is tilled with a con¬ 
ducting solution (say one of sodium sulfate). Two plat inum wires, 
to serve as electrodes (§ (Jo) are then dipped into the ends of the 
tube, and connected with a galvanometer by copper wires. Under 
such conditions the needle of the galvanometer fails to move. If 
we now pour into the left-hand end of the t ube a solution of ferrous 
sulfate, and into tin* right-hand ora* a solution of bromine, a 
current at once begins to flow. Ferrous ions (Fe+ + ) yield up elec¬ 
trons to the platinum wire that dips into the ferrous sulfate solu¬ 
tion, and are thus converted into ferric ions (Fe H 1 1 ). These 
electrons pass through the connecting wire and galvanometer 
and are delivered at the surface of the other electrode, converting 
bromine molecules (Br 2 ) into bromide ions (Br~). 


Fe + + —> 2Fe 4 1 ' -f 2e 

Oxidation 


2c+ Hr 2 -> 2Br- 

Heclurl i on 


As the current continues to flow, the chemical changes occurring 
around the electrodes are made evident by changes in color. 
Around the anode the greenish color of a solution of ferrous sul¬ 
fate (i.e., F(T + ions) gives place to the yellow color of a solution 
of ferric sulfate (i.e., Fe + + + ions); while around the cathode the 
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red color of bromine slowly fades away, since the solution here 
comes to contain only the colorless ions (Na 4 , Br ", of 

sodium sulfate and sodium bromide. 


For the ferrous sulfate, in the preceding experiment, we may 
substitute any easily oxidizable substance, and for the bromine 
any easily reducible substance. The complete circuit of an 
electrochemical pell— arrangement for producing an electric cur- 


Elii'f runs 



Fir,, {is. t- An clfctrnclu'miriil cell. 


r('nt. by means of a chemical reaction, or the re verst 1 ,—thus con¬ 
sists of: 

Uj) A pair of electrodes, one (the anode) readily oxidizable, 
or in contact with readily oxidizable material: the other (the 
cathode) readily reducible, or in contact with readily reducible 
mat erial. 

{(>) An outer circuit, consisting of a conductor (usually a 
metal) through which electrons art 1 easily transferred from anode 
to cathode. 

{r) An inner circuit, consisting of a solution of an acid, base, or 
salt, in an ionizing solvent (= polar solvent, §252) or else of an 
acid, base, or salt in the molten condition. The ions of the dis¬ 
solved or molten electrolyte migrate through this inner circuit 
while the current is passing, anions (negatively charged ions) in 
the direction of the anode, the cations (positively charged ions) 
in the direction of the cathode. 

In producing an electric current by chemical means, it is 
very important that oxidation and reduction go on at separate 
places; for otherwise the electrons pass directly from the one 
substance to tin 1 other, and fail to traverse the outer circuit at all. 
Thus, if the ferrous sulfate and bromine, in the illustration just 
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given, are mixed, they react, forming ferric ions (Fe +++ ) and 
bromide ions (Br~), just as before; but the galvanometer in the 
outer circuit shows no deflection, for all the energy of the chemical 
reaction is released in the inner circuit, as heat. 

In the above sketch we assumed the anode and cathode solu¬ 
tions to be sufficiently far apart to prevent them from mixing. In 
other cases, they are of very different specific gravities, and remain * 
for a long time in separate layers. In others, still, the anode 
solution is separated from the cathode solution by means of a jelly 
or a porous porcelain cup— anything, in fact, that will retard the 
process of mixing (due to diffusion), while permitting free passage 
for the ions, on their journey to anode or cathode. 

426. Reactions at Anode and Cathode. — The anode is best, 
defined as the electrode at. which oxidation takes place, and the 
cathode as the electrode at which reduction takes place. This is 
true whether the given cell servos as a source of current (a primary 
cell) or whether it receives current from some outside source 
(an electrolytic cell, or a secondary cell, being charged) Actually, 
five different types of changes may occur at either electrode: 

Anode Cathode 


The electrode at which substances 
yield up electrons to the outer circuit, 
or become oxidized. 

(a) Metallic atoms (often those 
of the anode it self; are oxidized 1o 
form cations: 


The electrode at which substances 
gain electrons from the outer circuit 
or become reduced. 

u; i ('sit ions are reduced to mclallie 
atoms, and deposited on t he cathode: 


Zn - * ZiM + 2c. 

(b) A cation, already present, is 
oxidized to a higher valence: 

Fe ' ‘ » Fe ' 1 + +r. 

(r) An anion is oxidized, losing its 
charge completely, and being sep¬ 
arated as a non-metal: 

2C1 -CM 2c. 

(d) An anion is oxidized, losing its 
(negative; charge only in purl: 

S<V- -* S0 4 - +e. 

Sulfntp- IViH'ilfute 

ion ion 


Zn " 1 -f -2c * Zn 

(1>\ A cation, already present, is 
reduced to a lower valence: 

Fe 4 'Me — Fe 4 -' 

(VA Non-metallie atoms are le- 
duced, passing into solution as nn- 

('M 2c 2CM 

(<l) An anion is reduced, increas¬ 
ing its (negative; charge: 

S0 4 "+e — S0 4 ”. 
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(c) Other chemical changes accom¬ 
pany the loss of electrons by an anion 
(§302): 

N0 2 -+H 2 0 — NO 3 ~+211 4 +2c. 


(e) Other chemical changes accom¬ 
pany (lie gain of electrons by an 
anion: 

NO3-+2H ++2c N0 2 -+H 2 0. 


426. Commercial Types of Cells. —In a primary cell, the oxi- 
dizahle material composing or surrounding the anode and the 
reducible material composing and surrounding the cathode need 
to be renewed from time to time. In a secondary cell (storage 
cell, or accumulator) they may be restored, very largely, to their 
original condition, by sending an electric current through the 
cell in the opposite direction to that in which it passes during 
discharge. In an ideal secondary cell, reversing the current 
completely reverses the chemical reactions taking place at 
anode and cathode. 

The right-hand column of the table of § 422 gives the potential, 
in volts (Appendix V), that a given reaction will set up, when the 
ion or ions concerned are present in a concentration of one gram-ion 
per liter. A plus sign means that the reaction that then tends 
to occur is one of oxidation. A minus sign means that the reaction 
that them tends to occur is one of reduction. The electrode com¬ 
posed of, or in contact with, the' substance that is oxidized becomes 
the anode; and tin* one composed of, or in contact with, the sub¬ 
stance that is reduct'd becomes the cathode. The actual electro¬ 
motive force of any primary cell is approximately the algebraic 
difference between those set up at the two electrodes—with certain 
corrections that. c,a:inot be entered into here. The anode of the 
primary cell or secondary cell (during discharge) is commonly 
marked (—) and the cathode (+). The terminals of voltmeters and 
other measuring instruments are commonly marked with the sign 
of the cell electrodes to which they are intended to be connected. 

The principal types of commercial primary and secondary cells are: 

(a) Weston primary cell. The anode is an amalgam of eadmium and 
mercury; (he .anode solution a saturated solution of cadmium sulfate; the 
cathode solution, a saturated solution of cadmium sulfate and mercurous sul¬ 
fate; the cathode, metallic mercury. The electromotive force of this cell 
(1.0183 volts at. 20° ('.) remains nearly constant with changing temperature. 
This feature makes the Weston cell an important standard, for determining 
the electromotive forces of other cells. 

(b) Dry cell. In this primary cell the anode is zine; the solution a paste 
of ammonium chloride in paper pulp, or some other convenient absorbent 
material; the cathode is a rod of carbon, packed in manganese dioxide. The 
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latter servos as a depolarizer, a name given to any oxidizing agent, used to 
free the cathode troin hydrogen that may separate on its surface, when too 
heavy a current is drawn through the cell. 

(c) Daniell cell. In this primary cell, the anode is a roil of zinc; the anode 
solution a saturated solution of zinc sulfate; the cathode solution a saturated 
solution of copper sulfate; the cathode a plate of copper. Anode and cathode 
are commonly separated by a cup of porous porcelain. Though formerly of 
importance, this cell has been very largely displaced by the two following. 

(<l) The copper oxide-caustic soda (Lalande) cell is the most impoitant 
primary cell with a fluid electrolyte. The cathode is a plate of compressed 
cupric oxide, the anode a plate oi zinc, the electrolyte a solution of caustic 
soda. This cell will furnish heavy currents foi long periods of time, without 
serious polarization. 

(e) Lead accumulator. This, the principal storage cell, is discussed in § ,”79. 

i 

427. Electrolysis.—Metals and the few conducting non-metals 
(such as graphite) arc* often called “conductors of the first class.” 
An electric current through such it substance consists of a stream of 
electrons, handed on from atom to atom; but in the end, each atom 
is left with the number of electrons that it had in the beginning, 
and the conducting substance is not permanently altered. 

Solutions and molten electrolytes, on the other hand, often 
called “ electrolytic conductors,” or “ conductors of the second 
class,” are always chemically altered by the passage of the current, 
both at the place where electrons enter the electrolyte (cathode) 
and at the place where they leave (anode]. An electric current 
through an electrolytic conductor consists of a stream of electrically 
charged particles of matter—the ions of the electrolyte. Though 
an elcetrie impulse is conveyed through any conductor with the 
speed of light, the rate of motion of the ions themselves is not very 
great. Hydrogen ions, which arc the speediest known, actually 
require five minutes to travel a distance of 1 cm., when urged 
forward by an electromotive force of 1 volt per centimeter (at 
room temperature). 

As the ions arrive at the electrodes, they themselves, or other 
ions already present, are discharged. The clue to what will 
happen in any given case is furnished by the electrochemical 
series of § 422. The principal reaction at the anode is the oxidation 
of the oxidizable element or ion nearest the top of the table. In 
some cases this means that the anode itself is dissolved, to form 
cations; in oilier cases, that anions are discharged. 

On the other hand, the principal reaction at the cathode is the 
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reduction of the reducible element or ion nearest the bottom of 
the table. In some cases this means that cations in contact with 


the cathode are reduced to a lower valence or deposited as metal; 
in other cases, that a non-metal in contact with the cathode is 
reduced to form anions (§ 12(‘>). In an elementary course it is 
sufficient to direct attention to the general conclusions that, may be 
drawn with the aid of the table, without discussing individual 
details: 

1. If the anode is a metal above gold, it is usually oxidized and 
dissolved. If an “ insoluble anode ” is used (gold, platinum, or 
carbon) the anode product is usually oxygen (formed by dis¬ 
charge of the hydAixyl ions of water or a base). 


4()H- — ■‘JITi.O-f <>:*-{- If. 


Chlorine, bromine, and especially iodine, may nevertheless be 
liberated at the anode by sufficiently heavy currents, from suf¬ 
ficiently concentrated solutions. 

2. If the solution to be electrolyzed contains no heavy metals, 
the cathode product is usually hydrogen. Light metals (and 
aluminum) art* deposited at the cathode (from aqueous solutions) 
only under very special circumstances (as when a very heavy 
current is used, with mercury present to dissolve the light metal 
as fast as it is separated. § i.‘>2). 

;h When solutions of salts of the heavy metals are electrolyzed, 
the heavy metal, in nearly all cases, is deposited on the cathode. 

1. If there are several heavy metals present it is usually possible 
to deposit them in succession, beginning with the element nearest 
the bottom of the table, by gradually increasing the electromotive 
force applied to the cell. This fact is of great importance in the 
electrolytic refining (purification by electrical means) of copper and 
other useful metals (§ 551). It is frequently used as a means of 
separating metals in chemical analysis. Thus, if an alloy contain¬ 
ing silver, copper, and cadmium is dissolved in acid, the silver may 
be plated out on the cathode and weighed; then, by increasing the 
electromotive force, the copper; and, finally, the cadmium. 

428. Faraday’s Law. —Review §§ 148, 251. The table of 
equilibrium potentials, just discussed, determines what chemical 
changes take place at anode and cathode when an electric current 
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is passed through an electrolyte, and what electromotive force is 
necessary in order to bring about a particular reaction. 

However, it fails to toll us how much electricity must pass 
through an electrolyte in order to produce a given amount of 
chemical change at the electrodes—how much, for example, to 
liberate a thousand cubic feet of hydrogen, or prepare a pound of f 
caustic soda, or purify a ton of copper. The question is an impor¬ 
tant one, for electrical energy costs money. 

The quantity of electricity used in any electrolytic process is 
measured in coulombs, and is found by multiplying the current 
strength, in amperes, by the number of seconds during which the 
current flows (Appendix F). Thus, a current 'of 1 ampere, in one 
hour, will deliver 3600 coulombs through the circuit.. 

We have already noted that the quantity of electricity needed 
to chemically alter a gram-atom of any element at an electrode is 
proportional to the valence of that element (§251). In fact, 
one gram-equivalent of material is chemically altered at each 
electrode for every 96,500 coulombs * passed through an elec¬ 
trolytic cell. This is Faraday’s Law. 

One gram-equivalent of chlorine (atomic weight divided by 
valence) is 35.-10 g.; of aluminum is 27.1-5-3 = 9.03 g. ; of (cupric) 
copper is 63.57-5-2 = 31.78 g. Thus, on sending 96,500 coulombs 
through a solution of cupric chloride, 31.78 g. of copper will be 
liberated at the cathode, and, at the same time, 35.46 g. of chlorine 
at the anode. The same amount of electricity, passed through 
dilute sulfuric acid, will liberate 1.008 g. of hydrogen at the 
cathode, and 8 g. of oxygen at the anode (§ 127). 


What weight of silver can hr dc/msited fiom a silver nit role solution by one. 
coulomb of electricity ? Ans. 0.001 UN g. 

How many seconds must a current of ten am/teres flow 'in order to liberate, 
22.4 liters of chlorine gas, at standard conditions f 

This is one gram-molecule, fir two gr:im-eqiiivtdon1s, and will therefore 
require 2X96,500=193,000 coulombs, and will lake a current of 10 amperes 
19,300 seconds. 

How strong a current must be passed through an electrolytic cell to separate 
one gram of copper in one hour? 

One gram-equivalent, or 31.78 g. of copper, requires 96,500 coulombs. 
One gram will require proportionately less: 

jjTygX96,500 = 3037 coulombs, to bo delivered in 3600 seconds. The 
current needed must accordingly be 3037 =3000 = 0.8-14 ampere. 

* Sometime* 96,500 coulombs is called one faraday. 
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EXERCISES 

422 - 427 . 1 . Explain what, the electrochemical series has to do with 
the tendency of atoms to lose, electrons. Illustrate. 

2. Write ionic equations to represent the following changes: 

Iron dissolving in an acid to form a ferrous salt. 

A bromide being decomposed by gaseous chlorine. 

A mercurous salt, being oxidized to a mercuric salt, by bromine. 

3. Explain tin' three reactions just given as transfers of electrons. 

4. What, substance is liberated at the anode and what at the cathode, 
when an electric current is passed through each of the following: Fused 
KOIl, dilute 11C1, saturated Kl, dilute H,il J 0 4 , dilute NaOH, dilute NaNOj, 
dilute lK’-jlljOj, saturated Culira? 

Write* electronic equations for the changes at anode and cathode, in each 
case. 

f>. State 1 he rule <Jut determines the order in which several metals present 
in solution are deposited by electrolysis. 

(). Describing the electrolysis of a dilute solution of sodium chloride a 
certain textbook reads: “'Pile sodium ions move with the current toward the 
cathode, and are there diseharged, forming metallic sodium. But this in 
turn reacts with the water of <lit* solution and forms sodium hydroxide, with 
the liberation of fret* hydrogen." Defend or attack this statement with the 
help of the electroehemieal series. 

7. Bead §r>3l. The principal metallic impurities in impure copper are 
An, Ag, Pb, Zn, Fe. The first two of these remain in metallic form, and sub¬ 
side as ‘‘ anode mud ” when the copper goes into solution at the anode, during 
electrolytic refining. 'I In* other three metals go into solution along with 
flu* copper, but fail to come out again upon the cathode. Explain, with the 
help of the electrochemical senes. 

<S. Explain how the conduction of an electric current through a wire dif¬ 
fers from its conduction through a solution. 

0. From the table of § 122 determine whal will happen, if anything, when: 

(«) A strip of lead is dipped into normal AgXOj solution. 

(/>) A strip of Sn into normal FeC'lj. 

(r) A strip of Sn into normal Il( T. 

(d) When solid iodibr is shaken with normal KBr. 

(c) tlaseous chlorine is passed into normal Kl. 

Write ionic equations for the reactions that occur, and explain as trans¬ 
fers of clot .rons. 

10 . Him can von justify the description of hydrogen as an oxidizable 
substance, and hydrogen-ion as a reducible substance, in terms of the elec¬ 
tronic theory? 

11 . (live equations, in terms of the ions of water, to explain why the 
solution becomes alkaline in the neighborhood of the cathode, in the elec¬ 
trolysis of a solution of NaC’l. 

12 . 1 ruler whal conditions may oxidation and reduction reactions be made 
to yield an electric current. Tell how you would arrange to get a current, from 
the reactions: 

Cd-t-Cu ++ =Cd ' ^+Cu. 

Zn+Cl 2 = Zn^+2n-. 

13. Will the cadmium be anode or cathode in the first of the two preceding 
cells? Estimate the total electromotive force of this cell, under certain stated 
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concent rat ions. Tell whether an imrease in the concentration of each ion 
will increase or decrease the electromotive force of the cell. 

428 . 1 1 . Chromic sulfate is lo he dimmed into sodium chromate by means 
of an electric current. Will it he placed in contact with anode or cathode? 
Why? From the change m valence and Faraela\ s Law calculate* the number 
of ampere* hours nereleel for eae*h kilogram e»f sodium eliminate* produced, 
assuming pe*rfee*l e'fhe*ie*ncy. 

lo. A silver plating hath and a e*opper ]»latmg hath (Ci:F( V me* e-onne*e*t<*d 
in series. Ileiw mue*h copper will he' de'pev-itcd f<»r even 100 mg of+ulvei? 

10. It is pro]>ose*d te>]irepare* a stanelarel solution of sulfuric aciel b\ elevtro- 
de*])e)siling copper freun a solution ol coppe*r sulfaic. Write* e-li'e-tronic equa¬ 
tions for the* chein*e*al edianges taking place* at the* two electroele's. 

. 17. In the* pr;*ee*eling e|iii*stmn, how inanv milligrams of roppe*r will he 
eli'positeel for e*ach cuhie- centimi'te*] of \ 10 acid pi'oiliie e*el? How many 
coulombs will this n*fjinif*' J 

IS How mam coulombs ol eleelricitv are ne*e*ded *io iihe-rate* 071’ e*c. of 
mixed hydrogen anil n\yge*i: ease- m the* electrolysis ol walei. at stanelarel con¬ 


ditions? 
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THE ALKALI METALS AND THEIR COMPOUNDS 

429. Occurrence.— Salts of the two most important alkali 
metals (sodium and potassium) are widely distributed and very 
abundant; all the igneous rocks of the earth’s crust contain small 
amounts. When these rocks weather, sodium and potassium find 
their way into the soil, the sodium salts to be extracted by running 
water and carried away to the ocean, the potassium salts to be 
withdrawn by growing plants. The ocean contains about 2.8 
per cent NaCl and 0.08 per cent KC1. The great natural deposits 
of sodium and ]>otnssium salts have been described elsewhere 
(§§170, M2). 

An interesting fact is that though igneous rocks contain sodium 
and potassium in very nearly equal amounts, sodium salts are more 
readily leached from the soil than potassium salts (zeolites, § 408) 
and are found in the ocean in a much larger quantity. As the 
result of an adaptation to this situation, land plants have come to 
depend on potassium salts for their growth; while marine plants 
make liberal use of sodium. 

430. Discovery of the Alkali Metals— The substances we now 
call sodium hydroxide and potassium hydroxide were for a long 
time considered to be elements, for they resisted all attempts to 
decompose them by heat or chemical reagents. But Sir Hum¬ 
phry Davy, in 1807, in a series of brilliant experiments, succeeded 
in isolating the metals themselves. 

The apparatus lu* used was a very simple one. Solid sodium hydroxide 
was molted in a platinum spoon. On passing an electric current through the 
liquid, from the spoon (anode) to a platinum wire (cathode) bright metallic 
globules of sodium ami potassium appeared about the wire, and presently 
caught, lire. This was the first time the two elements themselves had ever 
been seen, in spite of the fact that many of their salts had been known since 
prehistoric times. About half a century later the three other less abundant 
alkali metals were prepared by Bunsen, by similar methods. 

440 
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431. Properties of the Alkali Metals.— 

GROUP IA OF PERIODIC TABLE. 



At. Wt. 

Donsih. 

M. P. 

Li... . 

0 94 

0 534 

1S0° 

Na . . . 

23 00 

0 971 

97° 

K . . 

39 10 

0 S02 

02 5° 

Rb 

No 45 

1 532 

3S 5° 

Cs.. . . 

132 SI 

1 N7 

20 4"' 


B. 

1100 ° 
S77° 
75S° 
090° 
070° 


Spectrum Lines 
(§ 445). 

Bright red 

Yellow 

Bed-violet, 

Dark red 
Blue 


Tin; physical properties of the alkali metals art* shown in 
the above table. The first three are lighter tfian water—lithium 
lighter in fact than most kinds of wood. The densities arc roughly 
parallel to the atomic weights, but the melting points ana the 
boiling points fall off as the atomic weights increase. 

In chemical properties the alkali metals are very much alike. 
They oxidize readily in contact with moist air, and must therefore 
be preserved under the surface of some inert liquid, such as kero¬ 
sene. They decompose water very violently, forming strongly 
alkaline solutions (bases) and liberating hydrogen. The activity 
of these bases increases with increasing atomic weight, being 
greatest for cesium hydroxide. Almost all the salts of the alkali 
metals are soluble. 

432. Preparation of the Alkali Metals. —At the present time 
both sodium and potassium are prepared by electrolysis of an 
electrolyte prepared by melting down the solid hydroxide, at a 

temperature sufficiently high to expel water. , 

The electrolyte is largely ionized at the temperature required to melt it 
(§ 253). 

NaOII <r± Na++OIl- 

u • 

11+ T O 


The ions present are, accordingly, chiefly Na' and Oil , with smaller con¬ 
centrations of H + and O . On passing a current the positive ions (cations) 
migrate toward the cathode and are there discharged, producing metallic 
sodium and hydrogen gas: 

21J+ +2e = II,; 2Xa+ +2 c = 2Na. 

The negative ions (anions) migrate toward the anode, and are discharged, 
producing oxygen gas: 

40H- = 211*0 +0,4 4c. 
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Sodium can also lie prepared by the electrolysis of fused NaCl. But the 
process requires a higher temperature than is needed to melt NaOII, and 
there are other practical difficulties that interfere with its commercial useful¬ 
ness. 

433. The Castner Cell. —The apparat us devised by Castner and in use at 
Niagara Falls for the manufacture of metallic 
sodium and potassium is shown in Fig. 99. 

The cathode is an iron rod, introduced 
through the bottom of the cylindrical iron 
vessel which forms tlx* cell, and held in place 
by fused sodium hydroxide, which is poured 
in around it and allowed to solidify. The 
anodes are iron rods surrounding the cathode, 
and separated from it by a cylinder of iron 
gauze. The eleetrolytY* in the upper part of 
the vessel is first melted by a ring of burners; 
but after the electrolysis is under way, the 
heat liberated by the passage of tlx* current 
is sufficient to keep tin* electrolyte in a fluid 
condition. The oxygen liberated outside the 
cylinder of iron gauze escapes through open¬ 
ings in the cover plate. Hydrogen and so¬ 
dium, liberated within the cylinder, rise 
to the surface and collect inside tlx* re¬ 
ceptacle (It). The hydrogen escapes by Fig 99 —The Castner cell for 
lifting the iron lid of the receptacle, and manufacture of sodium by 

the sodium is skimmed or ladled off from time electrolysis of fused sodium 

to time. hydroxide 

434. Uses of the Alkali Metals. —Most of tho metallic sodium 
now manufactured is eon verted into sodium peroxide, Na 2 C> 2 , 
a yellow powder, by heating; in aluminum tra-vs at 400° C. in a 
current of air. Sodium peroxide is an important oxidizing agent, 
used commercially for preparing hydrogen peroxide for bleaching 
hair, silk, or other materials which would be injured by chlorine: 

Na20 2 +2HCl = 2NaCl+Ha0 a . 

Even tin unacidified solution of sodium peroxide is thus hydro¬ 
lyzed to sodium hydroxide and hydrogen jieroxide. But if the 
solution is heated, or if a catalyzer is present, oxygen is liberated 
(§ 51). If sodium peroxide is heated with easily oxidizable mate¬ 
rial, an explosion may take place; nevertheless, in tho presence of a 
large amount of inert material, such as sodium carbonate, the 
reaction is sufficiently moderated to be safe. Sodium peroxide is a 
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rather dangerous laboratory reagent. It should never be added 
to hot water (51); and samples left in contact with paper are apt 
to start fires. 

Metallic sodium is also an indispensable reagent in the prepara¬ 
tion of a number of important organic compounds- dyes,medicinal 
substances, and perfumes. Alloyed with mercury (sodium amalgam), 
it is an important reducing agent. Metallic potassium is more 
expensive and more difficult to prepare than sodium,and at present 
has no important use for which sodium will not serve as well. 

Sodium reacts with ammonia to form sodamide, NaNIla, a 
crystalline compound which is of great industrial use in the syn¬ 
thesis of indigo (§ 377). * 

435. Preparation of the Caustic Alkalies. —Sodium and potas¬ 
sium hydroxides are known as caustic alkalies, or lye. They are 
deliquescent white solids, corrosive to the skin, and very soluble 
in water. They are prepared commercially by three distinct 
processes: 

1 . By treating a solution of sodium and potassium carbonates 
with slaked lime: 

Na 2 CO:, + Ca(<)Hu-ra<ns 1 +2NaOII. 

This process, called causticizing, lias been in use since the begin¬ 
ning of historic times. The precipitated calcium carbonate 
is filtered off; and the filtrate, containing sodium hydroxide or 
potassium hydroxide, is concentrated in evaporators, or used 
directly in the manufacture of soap (§ 363) or paper pulp (§ 371). 

2. By the Le Blanc process. When sodium sulfate, prepart'd 
from common salt (§ 154), is heated with coke and limestone in a 
rotary furnace, it is reduced to sodium sulfide. This then reacts 
with the limestone to form sodium carbonate: 

NaaSOj + 4C = Xa-jS+ lCX) f . 

Na 2 S+CaC0 3 = CaS+Na a C!Q t . 

The product is a mixture of calcium sulfide and sodium carbonate, 
containing an excess of calcium oxide and carbon. If. is extracted 
with water, when the sodium carbonate is decomposed by the excess 
of lime, giving sodium hydroxide: 


Na 2 C0 3 +Ca0+H 2 0 = CaC0 3 [ -f2TSaOH. 
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For almost a century this process was the most important method 
for the preparation of sodium carbonate, but is now useful only as a 
source of sodium hydroxide and potassium carbonate. 

3. By electrolysis of solutions of sodium and potassium chlo¬ 
rides. Chlorine and hydrogen are by-products of this process 
(§181): 

2NaCl+2HOII =2NaOII+Ha ] + C\> | ■ 

One of the chief difficulties in the preparation of caustic soda 
by electrolysis is in keeping the chlorine and alkali from reacting 
to form sodium hypochlorite. In some of the most successful 
cells the chlorine and alkali art; kept apart by the use of dia¬ 
phragms of asbestos cloth (§ 1S1). But a product is obtained 
which is freer from unchanged sodium chloride if the anode and 
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Fkj 100 -Tin' Cast ner-T\ ell ner cell, for the manufacture of sodium hydrox¬ 
ide by eleet roly sis of sodium chloride solution 


cathode compartments are separated by a non-conducting wall, 
dipping into a trough of metallic mercury. 

In the Castner-Kcllner apparatus (Fig 100) there are three compartments. 
The two at the ends contain sodium chloride solution, into which carbon anodes 
dip The cathode is a layer of metallic mercury on the floor of the cell With 
concentrated solutions and heavy currents, there is separated at the cathode 
not only hydrogen but mtinl'ir .sothiuii (§ 424). The latter alloys with the 
mercury to form a fluid amalgam (§ 5(>l). The cell is constantly rocked by 
an eccentric (E), the amalgam being thus caused to flow under a partition 
into the central compartment. There it is made to interact with water by 
being made anode in contact with a solution of caustic alkali. 


436. Uses of the Caustic Alkalies.— The most important uses of 
the caustic alkalies are the refining of petroleum (§ 313) and vege¬ 
table oils, the mercerizing of cotton (§370), the manufacture of 
artificial silk (§ 370), the preparation of paper pulp (§371), the 
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manufacture of soap (§303), hypochlorites (§205), chlorates 
(§200), and nitrites (§290). These uses together probably con¬ 
sume several hundred thousand tons of sodium hydroxide each 
year, and a smaller quantity of potassium hydroxide. A mixture 
of solid sodium hydroxide and solid calcium oxide, known as soda- 
lime, is used in the laboratory as an absorbent for carbon dioxide.) 

437. Occurrence and Preparation of Sodium Carbonate. 
Both sodium carbonate and bicarbonate exist in nature in many 
of the drier regions of the world, the two most extensive deposits 
being Owens Lake, California, and Lake Magadi, in British East 
Africa. The former of these is estimated to contain not loss than 
50,000,000 tons of sodium carbonate, and tin* Tatter several times 
that quantity. 

But in spite of the existence of these natural deposits, most of 
the sodium carbonate used in the industries is now prepared by the 
Solvay process. This is carried out in two stages: 

(1) A strong solution of brine is saturated with ammonia and 
carbon dioxide gases. Sodium bicarbonate is precipitated: 


NIL+ILO ^XILOII 

+ 

C0 2 +II 2 () '<>■{ 

ti 

NaCl + XTI.IICOjj ^XuIICO:, I -fNII.,Cl 

-f 


(2) Next the sodium bicarbonate is heated to redness, when it is 
decomposed, forming sodium carbonate: 

2XaTK’(). { = Xa L> ('();> + ('()_, | +114) T. 

The by-product of this process is ammonium chloride, which is 
distilled with slaked lime, to recover ammonia. (Write equation.) 

438. The Chemical Industries. —The manufacture of glass, and other 
industries, probably consume more tlian 3,000,000 tons of sodium earnonutc 
each year. Most of tins tremendous total is produeed by the Solvav process 
(jjj 437) which lias been able to restrict its rival, the Lc lilanc process (§ 435), 
to the production of potassium carbonate and an impure; grade of sodium 
hydroxide. The story of how this came 1o 1 m* is an instructive example of 
how the industrial chemistry of to-day is molded by the interplay of economic 
forces. 
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The Le Blane process, depending for its existence on cheap sulfuric acid, 
was a great stimulus to the chamber process for the manufacture of sulfuric 
acid, and this in turn to the development of nitric acid (§ 297), superphosphate 
(§ 314), and the dyestuff industries (§ 372). Incidentally it produced hydro¬ 
chloric acid as a by-product, which was oxidized commercially to chlorine 
(Deacon process, § ISO), and thus led to the production of bleaching powder 
(§ 204) on a tremendous scale. Methods were furthermore developed for 
reconverting a second by-product of the Le Blanc process, calcium sulfid§, 
into sulfuric acid, to be used over again. Thus a great group of interrelated 
industries, centering in Le Blanc soda, were built up during the first seventy 
years of the nineteenth century. 

But. during the half century just, passed important new economic forces 
have come into existence, ('heap recovery of ammonia in the distillation of 
coal (§ 2S3) made possible the Solvay process, which was found to produce a 
purer grade of soda than had ever before been made commercially. Then the 
electrolytic caustic sofla process (§ 181) produced so much chlorine that the 
Deacon process was superseded. 

Thus much of the demand for hydrochloric acid, the chief by-product of 
the Le Blanc process, was cut off. The opening of great new deposits of sulfur 
(§ 225) and of sulfide minerals (§ 224) made it unprofitable to reconvert the 
other product of the Ix> Blanc process into sulfuric acid. 

Thus, at the present time, the gieat chemical industries have fallen into 
an entirely new grouping. Nitrogen, from liquid air (§ 27) meets calcium 
carbide from electric furnaces for the synthesis of ammonia by the cyanarnide 
process (§ 284); or nitrogen and hydrogen from the action of steam and air 
on coke form ammonia by direct synthesis. Closely related are the liquid 
chlorine industry (§ 181), which is tending to drive bleaching powder from 
the market; and the manufacture of dyestuffs and synthetic drugs. We 
also have the soap, glass, and paper industries, dependent on chlorine and 
caustic soda. 

It is thus very clear that the great chemical industries, representing billions 
of dollars of invested capital, are m a state of economic equilibrium. New dis¬ 
coveries or economies m tun 1 field affect all the rest. Processes of commercial 
value to-day may need to be reversed to-morrow, in order to meet, new eco¬ 
nomic conditions. But. the well-established principles of chemistry remain. 
The Deacon process for the manufacture of chlorine (§ ISO) is now almost 
extinct; but its basis, the law of mass action ( § 217), still holds. Aluminum is 
no longer reduced from its ores by metallic sodium; but t Ik* thermo-chemical 
principles that, governed that reaction now' find useful application in other 
directions. Processes dimly visioned yesterday are the established practice 
of to-day; and to-morrow in their turn may be overthrown. 

The chemical discoveries of greatest, industrial significance are accordingly 
not those that, hapjieii to find momentary practical application, but rather 
those that, tench us more about general principles. Bv becoming familiar 
with these we turn our faces toward the future rather than the past. 

439. Uses of Sodium Carbonate. —Anhydrous sodium car¬ 
bonate is commonly called soda,* or soda ash. The hydrated salt 

* The word soda is also applied to Na 2 (), as a hypothetical constituent of 
the silicates (§ 398) and other salts. 
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Na 2 C(VlOH 20 is referred to as washing soda, sal-soda, or soda- 
cry stale. 

The chief uses of sodimn carbonate depend on three different 
properties: 

(1) Since carbonic acid anhydride, C0 2 , is volatile, the salt 
Na 2 C() ;i may be used instead of the base NaOlI for preparing , 
the salts of other acids, by neutralization or by direct union with 
acid anhydrides: 

Kxamples: 

• (a) Preparation of sodium acid sulfite: 

Na 2 ('(>n -f 11 2 C)+2S( ) 2 = 2N a 11 S< );* -M'X )_. ] . 

(b) Preparation of glass (§ 400) and water-glass (§ 405): 

Na 2 ro ;5 -l-xSi() 2 = Na 2 ()-.rSi(). + (’(L f . 

(c) In general in the industries whenever an acid needs to be 
neutralized, provided the escape of (’() 2 offers no inconvenience. 

(2) Na-jCtb is slightly hydrolyzed by wat(T, liberating NaOH: 

Na 2 r() ;{ + II()H ^NalK’Oa+NaOH. 


Sodium carbonate is accordingly useful in washing powders 
and other preparations the purpose of which is to impart a def¬ 
inite slight alkalinity to water. Of course NaOlI would serve, 
but Na 2 C’();{ is cheaper, and has the advantage of having reserve 
alkalinity, available for neutralization of acids, without the incon¬ 
venient caustic properties of NaOH. 

(3) Since the carbonates of all the heavy metals are insoluble 
in water, Na 2 C , 0;i may be used to precipitate them. The most 
important ease is the removal of objectionable calcium salts 
from water (water-softening, § -400): 


Can^+Na^CO^ran);, [ +2Na(d. 

440. Sodium Bicarbonate.—Sodium bicarbonate, \aIK'0 ;i , sometimes 
called hiktriy soda or saleratus, is used as a substitute for veast. in preparing 
biscuits, being decomposed by heat with the liberation of ('()*, which distends 
and lightens the dough. Ammonium Inairhonotc, \II 4 lifis even better, 
since all the products of its decomposition are voluble, and is used on a large 
scale in the preparation of crackers. Making jiowder usually contains NalK ■(>,, 
together with an organic acid, monosodiuni phosphate, or aium(§ 479). It 
has the advantage over Na/’O., of lilierating twice as much C0 2 for each grain 
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of solid residue left behind in the bread. Moreover, NaoC0 3 is too alkaline 
(hydrolysis) to be used in food or in medicine. 


441. Other Sodium Salts.- The properties ami uses of a num¬ 
ber of other important sodium salts art* discussed elsewhere: 
fluoride (§ 209); hypochlorite (§205); chlorate (§ 200); per¬ 
chlorate (§ 200): bromide (§ 209); iodide (§ 209); sulfite (§ 230); 
thiosulfate (§ 237); nitrite (§ 290); nitrate (§ 279); acetate 
(§105); cyanide (§ 338); silicate (§405); tetraborate (§412); 
phosphate (§313); chromate (§510). 


As an exercise, tell how each of these salts may be prepared from sodium 
carbonate. Writ** equations. 

State one irnportairf industrial use of each of these salts. 


442. Natural Sources of Potash. —Most of the potassium salts 
of commerce are derived from great deposits in southern Germany 
(Stassfurt) and in France (Alsace). Here, in prehistoric times, 
great inland seas existed, which by slow evaporation deposited 
their dissolved stilts in the order of increasing solubility-—first 
calcium sulfate, then sodium chloride', then mixed potash and 
magnesium stilts. In places the chloride layer is a thousand feet 
thick, and the mixed potash and magnesium sails over a hundred 
feet thick. 

A great many double and triple stilts, of somewhat complicated 
formulas, have been identified in these deposits. Hut most impor¬ 
tant by far is camallite, MgCF KC1 6 H 2 O. This, by a process 
of recrystallization, can be made to yield pure KC1, which is the 
starting point, for the manufacture of all the other commercially 
valuable potassium stilts. 


These natural deposits have yielded rapidly increasing quantities of potash 
salts since their discovery almost a century ago. At the outbreak of the 
Croat War, in 1914, the production of material of different grades amounted 
to almost. 1(),000,0(X) tons a year. Most of this went into fertilizers; for 
potassium, like nitrogen and phosphorus, is an element necessary to the growth 
of plants but often found m deficient quantity in the soil. 

Of recent years a careful search has been made for potash within the United 
States. The most important of the several sources of supply now available 
are: 

(1) The salt lairs of California and Western Nevada. Of these deposits 
the only one operating (1922) in competition with European jiotash is that 
of Searles Lake, California. 

(2) The fames from cement kilns (§ 465) are now often precipitated bv the 
Cottrell electrical preei pit at ion process. Electrical conductors, charged at 
high tension, are placed in the path of the fumes. The suspended particles 
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of dust become* charged, and arc repelled against the surface of a metallic, 
plate, where they art; deposited. 

(3) Plant ashes aml sugar beet molasses, which yields about 5 per cent 
K 2 COj when carbonized and extracted with water. The total amount of 
potash available from t his source is insignificant in comparison with the needs of 
the country. 

(4) The kelp beds of the Pacific Coast. A large plant near San Diego is no 
longer operated, apparently for lack of a market for by-products. 

(5) Various silicate nnnerals (e.g., leunla) containing potassium. The* 
supplies of these are inexhaustible, but none of the methods proposed for 
obtaining potash from them in soluble form has yet proved economically suc¬ 
cessful. 

443. Potassium Carbonate. —Next to KC1, so easily prepared 
from carnallite (§ 442), the most important potassium salt is the 
carbonate K 2 CO 3 . This may be obtained by ItTaching plant ashes; 
blit most of it is prepared by the Le Blanc process, very nearly as 
previously outlined for Nat>11. The reactions of the first stage 
(§ 435) arc: 

T\( 4 + H 2 SO, = KII St >4 + 1101; 

KIISO 4 + K01=K 2 S<)4 + Iin. 

The potassium sulfate is then ignited in a rotary furnace in the 
presence of coke and limestone: 

K 2 SO 4 +4(' = KoS+4( ’O 
K 2 S+( at ’() ;{ = K 2 ( X> ; ,+( aS. 

Th(* is leached out, and recovered by crystallization. 

Potassium carbonate cannot be made by the Solvay process, by way of 
Klirt),; for the hitter salt, unlike NallOO.,, is readily soluble 111 water and the 
reaction by winch it might otherwise be formed (§ 437 J is therefore incomplete: 

KC1 + X H.+COm +11 / > K IICOs+XII 4 CI. 

XH 4 HCO .1 

Potassium carbonate is used in the preparation of soft soaps (§ 363), hard 
glass (§ 408;, and in washing wool preparatory to dyeing. 

Other salts are prepared from K 2 CX).t (or KC.'l) by the same methods as the 
corresponding sodium salts and have the same uses. They crystallize more 
readily than sodium salts and are therefore prepared in a somewhat purer form. 
But whenever the highest degree of purity is unnecessary, the cheaper sodium 
salts are always employed. 

Tell how each of the following might be prepared, in one or several steps, 
from KC1; from K 2 (X) 3 : 

KOII, KC 10 , KCI0 3 , K 2 S04, KN0 3 , K 2 S, K*S*0,. 

Write and balance equations for these reactions. 
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444. Analytical Tests for the Alkali Metals. —All compounds 
of the alkali metals are colorless, except the chromates, permangan¬ 
ates, and similar salts, owing their color to some particular non- 
metallic radical. Accordingly there are no analytical tests for the 
alkali metals that depend upon changes in color. 

The ready solubility of most of the salts of the alkalies further-* 
more makes it difficult to separate and identify these elements by 
precipitation. Nevertheless potassium is frequently precipitated 
as the perchlorate , chloroplatinate , or cobaltinitrite , commonly in 
the presence of alcohol (but perchloric acid, heated with alcohol, 
will oxidize the latter, explosively): 

Kn + IiriO^KClO, | +IICI. 

. ( W liltc ) 

2KCH-H-2ptC'l(, = KuPtOb, i + 21IC1. 

diloropliitmic (\ fllnu) 

uckI ($GO:t ) Cut chliirripl:itiiiu(f 

2 KCH-Na a a»(N() 2 )«= : K 2 Nii(\)(N0 2 ) ( i [ + 2NaCl. 

(Yt-lli.w) 

Put rulmltuntrilr 

For a rough qualitative lost, potassium may itlso ho precipitated as the 
acid tartrate, KMCMIiOi,, fluohorido, KBF,, or fluosilicato, K-jSiF 6 ; and 
sodium as the acid pyroantimonatc, Na.H-ShjO,. 

Very small quantities of the alkali medals art* host detected by a flame 
or spectroscopic test, next described. 

446. The Spectroscope. — If a platinum or niehrome wire is 
dipped into a solution of a sodium salt, and introduced into the 
lower portion of a.Bunsen flame, the latter will be colored yellow. 
Potassium salts color the flame reddish-violet, and lithium salts 
color it a brilliant carmine. It is easy enough to identify these 
and many other elements by this simple flame test, provided they 
are not present in admixture with each other. But in practical 
work it is precisely such mixtures with which we most frequently 
have to deal; and the brilliant yellow of the sodium flame will 
generally cover up the violet color due to small accompanying 
amounts of potassium. 

If the flame is viewed through a square of blue glass, this will 
cut off the yellow rays and let. the violet pass through, permitting 
the potassium to be recognized after all. (If ammonium salts are 
present they must first be removed by heating the'material to red¬ 
ness. The residue is then redissolved in a few drops of dilute 



460 


THE ALKALI METALS 


HOI.) But. other combinations cannot be dealt with in such a 
simple way. We use instead an instrument called a spectroscope, 
which sorts out the different tints that are blended in colored 
flames, and enables us to view them separately. 

Fig. 101 shows a common typo of spectroscope. Light, from a colored 
flame, F, passes through a narrow slit., S, thence through a set of lenses con¬ 
tained in the tube C, to render the rays parallel. The beam next passes 
through a prism, P, made of heavy glass. Here it is refracted or bent aside. 
But the important point is that the different kinds of light that go to make up 
the colored hen in ore herd aside to different degrees, and emerge from the prism 
in different directions. 

If some sodium chloride is introduced into the flame, then on swinging 





Fig 101 —A spectroscope The small tube, A, is for throwing an image of a 
graduated scale against the surface of the prism, to aid in identifying 
the spectral lines 

the telescope, T, from left to right about the prism as a center, we presently 
find a vertical yellow line, in reality a magnified image of the slit, S. This 
line is due to sodium. It has been observed when as little as one-millionth of a 
milligram of the element was present! 

If soni(' potassium salt is now introduced into the flame, and the telescope 
swung a short distance to the left of the yellow line, we find a pair of red lines; 
and far away toward the right a faint, dark-violet, line. All three of these are 
due to pntnssium, and would have been furnished by any sail of that element 
sufficiently volatile to color the flame. They always appear in definite posi¬ 
tions with respect, to each other and to the spectral lines of other elements. 

It is well to notice Unit, most of the spectral linos arc character¬ 
istic of the individual elements, and not of compounds that may 
be formed by the union of one element with another. This is 
commonly explained by assuming that each kind of atom—an 
atom of sodium, for example—contains a definite number of elec- 
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trons (§ 125) vibrating in a definite way with a definite frequency, 
which is unaltered by the presence of other kinds of atoms in its 
immediate neighborhood. 

The number and intensity of the spentral lines obtained for any given 
element depend on the way in which the lines are induced (flame, are, vacuum 
discharge). Accurate catalogues have been made which give the wave-length 
corresponding to each separate line in the spectrum of each element. Thou¬ 
sands of lines are listed, but every new one becomes the center of intense 
interest, for it. may indicate a new element,. The spectroscope was the direct 
means of discovering helium, rubidium, cesium, thallium, indium, gallium, and 
other elements. 


EXE1UMSES 

t 

1. Clive an ionic formulation of the electrolytic dissociation of fused 
NaOll; and electronic formulations (§ 420) of tin* reactions taking place at 
the electrodes on passing a current. 

2 . What quantity of sodium is produced in 10 hours by a cell carrying 
50 amperes of current, assuming equal numbers of gram-ions of 11+ and Na+ 
to be discharged at the cathode? 

M. What volume of hydrogen gas, at standard conditions, is liberated in 
the preceding problem? 

4. 'Pell how oxygen gas may be prepared from sodium peroxide. Write 
and balance equation. 

5. What volume of oxygen gas, at 20° (’. arid 740 nun. pressure, is required 
to convert 100 g. of metallic sodium into sodium peroxide? 

(>. Wlmt weight of slaked lime. 95 per cent pure, is needed to caustieize a 
ton of anhydrous sodium carbonate? 

7. What, volume of sodium hydroxide solution, of sp. gr. 1.18, containing 
lfi per cent NaOll, can be prepared from a kilogram of pun* Na^ClE? 

8 . (Jive equations for the conversion of XaC'l into Na-S in several suc¬ 
cessive steps. State the conditions under which these reactions tale place. 

9. Explain why it is impossible to convert XaCI directly into Xu•_•("’() s by 
boiling calcium carbonate with brine. 

10. Na>S() 4 may be produced by passing a mixture of water vapor, SO-,, 
and air through a heated porous mass of common salt (Hnrgrctwcs process) 
Explain (a) why the reaction is very slow, and \f>) why it ultimately becomes 
complete. 

11 . Write an equation to show the use of XaOlI in the manufacture of 
soap. What is the difference in the chemical composition of hard and soft 
soaps? 

12 . How is soda-lime prepared? 

i:j. (Jive equations to show what products are formed when carbon dioxide 
is absorbed by soda lime. 

14. (live a complete ionic formulation of the production of sodium bicar¬ 
bonate in tin* Solvay process. 

15. How is water glass solution made, and for what is it used? 

lb. (a) Describe a method, in several steps, for converting sodium sulfate 
into sodium chloride. Write equations. (/>) Why eaimpt. this transforma¬ 
tion be effected simply by evaporating a sodium sulfate solution with an excess 
of hydrochloric acid? 
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THE ALKALINE EARTH METALS 

« 

Sir Humphry Davy, who was the first to prepare met allie sodium and 
potassium (§480), had the honor of discovering seven of the eighty-seven ele¬ 
ments known to us to-day a greater number than yielded to the skill of any 
other investigator.*’ Sufficient testimony to Ins industry and genius is found 
in the fact that in 1808—just a few months after his preparation of metallic 
sodium and potassium—he was able to announce to the world the discovery 
of five additional new elements: magnesium, calcium, strontium, barium, and 
boron. The first four of these belong to what, is now called the alkaline 
earth group of metals (Group II A of the periodic lable) and were pre¬ 
pared in part by electrolytic methods quite Similar to those employed in his 
previous invest igations. 

446. Chemical Characteristics of the Alkaline Earth Metals — 

The alkaline earth group contains six elements: Beryllium, Be; 
magnesium, Mg; calcium, (it; strontium, Sr; barium, Ba; and 
radium, Ha. All of these have a valence of two in all their impor¬ 
tant compounds. In other respects, however, beryllium is 
related rather to aluminum, the second element of the next fol¬ 
lowing Group (III A), f Magnesium, too, is related in its chemical 
behavior to zinc, in Group II B. 

The alkaline; earth element,s are all silvery bright metals, with 
about the general toughness and malleability of lead. All of them 
but barium are lighter than aluminum, and all of them melt 
between 600° C. (Mg) and 1000° C. (Be); in other words they 
melt at temperatures above the melting points of tin and lead, 
but below the melting point of copper. 

* Berzelius, the great Swedish chemist of a century ago (1779-1848) had 
the discovery of five elements to his credit: Ce, Th, Zr, Sc, Si. 

f This reminds one* of the resemblance (§ 584) of lithium, the first element 
in Group I A, to magnesium, the second element of the next following Group 
II A; and that (§ 411) of boron, the first element in Group III A, to silicon, the 
second element in Group IV A. 
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Magnesium 


447. Magnesium Minerals. — 1 . Nearly all the silicate rocks of 
the earth’s crust contain notable quantities of magnesium. Some of 
these are of commercial importance; examples are talc, soapstone, 
and asbestos (§ 402), which are metasilicates (§398); and ser¬ 
pentine, which is more highly silicious (a disilicate). 

2. By weathering, the silicate rocks yield up their soluble con¬ 
stituents, and thus the ocean has come to contain enormous quan¬ 
tities of dissolved magnesium salts. Indeed, about 15 per cent of 
all the dissolved sftlid matter in the sea consists of magnesium 
chloride and magnesium sulfate—enough to cover all the land areas 
of the earth to a depth of 60 or 70 ft. The mother liquors from the 
crystallization of common salt, from sea water or from the brine of 
salt wells an 1 always rich both in magnesium salts and bromides. 
The great deposits of potassium salts in southern (lermany and 
in France are always associated with magnesium salts, or with 
salts containing both potassium and magnesium (camallite, § 442). 

3. Magnesium carbonate, or magnesite, is usually found in 
association with calcium carbonate. In one and the same deposit, 
the material may vary from almost pure magnesite, MgC(> 3 , 
to almost pure calcite, CaC(> 3 . When the two constituents are 
present in roughly equi-moleeular proportions, the mixture 
may be altered by pressure to a distinct mineral, dolomite, 
MgC (>3 ■ CaCOa. This may be associated with an excess of calcite, 
giving what is called dolomitic limestone. Dolomite is an exceed¬ 
ingly plentiful mineral, occurring in enormous deposits in all 
parts of the earth. Whole mountain ranges consist largely of this 
one substance. 

448. Metallic Magnesium. — Preparation. Metallic magne¬ 
sium is now prepared on a large scale from magnesium chloride, 
MgCla, previously dehydrated in a current of 11(3 gas. The anhy¬ 
drous salt melts readily, furnishing a conducting liquid, which is 
electrolyzed in closed furnace's, in a current of coal gas, to exclude 
air. Magnesium has also been obtained by reducing magnesium 
chloride with metallic sodium. 

Properties. Metallic magnesium is a silvery bright metal, 
somewhat resembling zinc in superficial appearance. Like zinc. 
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too, it is malleable when heated, and may be pressed into wire 
or rolled into sheets. It tarnishes readily in moist air, becoming 
covered with a layer of carbonate. Ignited in the air, it burns 
with a brilliant white light, forming a mixture of the oxide and 
nitride, MgO and Mg^NV Its tendency to unite with oxygen is so 
pronounced that it will even burn in a current of steam, and ^f 
heated in carbon dioxide will reduce the latter to monoxide. 


Uses. 1. The light from burning magnesium happens to be 
unusually actinic (i.e., rich in the bluish and ultra-violet rays that 
affect most, intensely a photographic plate). Magues'um powder, 
mixed with potassium chlorate or some similar oxidizing agent, is 
therefore used as a flashlight mixture. (A Very dangerous mix¬ 
ture when carelessly handled (§20(‘>).) 

2. Maynnliitm and Dote Allot/ (§477). 

3. Magnesium is now used as a deoxidizer, in the preparation 
of nickel alloys (§ 52")). 

449. Magnesium Oxide and Hydroxide.— Magnesium oxide, 
MgO, is commonly called magnesia. It is prepared by gently 
heating magnesium carbonate, to expel carbon dioxide. 

Uses. 1 . The white powder, obtained as just described, is 
very light and flocculent, but shrinks on being heated to a high 
temperature, and when sintered in an electric furnace becomes 
very dense and hard. This “ shrunk magnesia,” with a suitable 
binder, such as a small proportion of clay, is molded into magnesia 
brick, for furnace linings. 

2. Magnesium oxide, moistened with a saturated solution of 
magnesium chloride, soon sets to a solid mass of basic magnesium 
chloride (assumed to be Mg(OH)C1). This has been put to much 


the same uses as plaster of Paris (§ 453). It is now an important 
building material (flooring partitions, and “ stucco ”). 

3. Magnesium oxide unites with water to form magnesium 
hydroxide, Mg((Jl I )-j, the action proceeding most rapidly with 
the flocculent form of the material. Magnesium hydroxide is 
very insoluble, and less actively basic than the other hydroxides 
of the alkaline earth group. It. is therefore useful in pharmaceu¬ 
tical preparations (mouth washes and infant foods) in which 
acidity is to be combated without running the risk of using an 
excess of alkali as would bo the case if such a soluble and active 


substance as sodium hydroxide were employed. 
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(4) The flocculent form of magnesium oxide is an important 
rubber filler (§ 353). 

450. Hydrolysis of Magnesium Salts. —When magnesium salts 
react with soluble alkali carbonates, a precipitate is thrown down 
that proves to be a hydrated basic carbonate, of variable compo¬ 
sition, approximating Mg 4 ( 011 ) 2 (^ 03)3 *31120. This is magnesia 
alba, employed as a cosmetic. 

Calcium, strontium, and barium salts are precipitated by 
Na 2 C 0 3 as normal carbonates (CaCO.j). The fact that mag¬ 
nesium salts, under the same conditions, give a basic carbonate, 
by partial hydrolysis of the normal salt, shows that Mg(OH )2 is 
a less active base~<than the other hydroxides of the alkaline 
earth group. A further proof is found in the fact that solutions 
of magnesium chloride on being heated are partially hj'drolyzed: 

MgCb+HOH <=> Mg()+2HC1. 

If such a solution is evaporated to dryness and strongly ignited, 
the acid will at length be completely expelled and the salt all 
converted into magnesium oxide;. 

Order of Increasing Activity. 

Mg(()II)2, Ca(OIl)2, 8 r(OH) 2> Ba(OH) 2 . 

Order of Increasing Resistance to Hydrolysis. 


MgCb, CaCl 2 , SrCl 2 , BaCl 2 . 

Wc shall presently see that many heavy metals (zinc, lead, copper, nickel, 
iron) resemble magnesium in their inclination to give basic carbonates, rather 
than normal carbonates, when precipitated with sodium carbonate, and thus 
1 Kit.ray the slight activity of the corresjjonding bases; while with mercury the 
hydrolysis is complete, and the precipitate thrown down by Na^COs is simply 
the oxide HgO, <§ 504). 

461. “ 86 Per Cent-Magnesia.” — A basic magnesium carbon¬ 
ate, of the formula MgC() 3 -Mg( 0 H) 2 - 5 II 2 0 , has been prepared. 
This substance is a white powder, remarkable for its light and 
fluffy condition. A given volume is actually about 90 per cent 
pores, and only about 10 per cent solid. Mixed with asbestos 
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fiber it makes an ideal covering for steam-pipes and boilers, and is 
put on the market in molded shapes, under the trade-name 

“ 85 per ccnt-magnesia.” 
The money thus saved 
in the cost of fuel, where 
steam is to be trans¬ 
ported long distances, 
runs into immense sums 
each year. 

452. Analytical Tests 
for Magnesium.— 1. 

Magnesium salts differ 
from those of the follow¬ 
ing members of t he alka¬ 
line earth group in giving 
no lines in the visible 
spectrum, at the tem¬ 
perature of the Bunsen 
burner—t li o u g h the 
camera shows several 
lines in the ultra-violet 
region (§ 415). 

2. Sodium hydroxide and sodium carbonate, when added to 
solutions of magnesium salts, precipitate magnesium hydroxide 
and basic magnesium carbonate (§450), respectively. But if 
ammonium hydroxide or ammonium carbonate is used, precipita¬ 
tion fails to take place, or remains incomplete. This is because 
magnesium hydroxide and basic carbonates are readily dissolved 
by solutions of ammonium salts. 



Fin 102 —A sot of fractionating columns, on 
a row of alcohol stills, jacketed with “So¬ 
por cent magnesia,” to keep the tempera¬ 
ture uniform. 


The explanation for this fact, in terms of the ionic: theory, may be formu¬ 
lated: 

n > (3i 

Mg r Oli )-i «=i Mg(()H) 2 ^ Mg+++2()I1- 

Solid (2; In bolutiou (4j 

2 NH 4 CI*=► 2C1-+2NH 4 + 

NH 4 OH 


We think of the dissolved Mg(OII) 2 as partially ionizing in solution (reaction 
3) to form Mg 4 + and Oil - ions. Hut t he OH - ions arc* immediately with¬ 
drawn by combination with N1I«+ ions, to form molecules of the slightly dis- 
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sociated base, NH 4 OII (reaction 5). This disturbs the equilibria (1, 2) and 
(3, 4). The Oil - ions withdrawn are at once replaced by the dissociation of 
new Mg(OH) s molecules (reaction 3); and these latter are in their turn 
replaced from the supply of solid Mg(OH ) 2 (reaction 1 ). Eventually, all of 
the precipitate is thus dissolved. 

(3) Magnesium salts can be detected in solution only after 
removal of the heavy metals and the other alkaline earth metals 
by precipitation with NII 4 OII and (Nll.ihC'O 3 . Addition of a 
soluble phosphate, in the presence of ammonium hydroxide, then 
throws down a white, crystalline precipitate of magnesium ammo¬ 
nium phosphate, MgNIIiPOi-OIluO: 

MgClo+Na^IUM )*4- A’ H-d )I I = MgNIUPO.j 1 + 2NaCl+lI 2 0. 

When this salt is ignited it. forms magnesium pyrophosphate , 
Mg 2 P 2 ( b- 


Calcium 

453. Calcium Minerals.- Calcium, like magnesium, is an 
important constituent of nearly all the silicate rocks, and is 
found in large quantities in the ocean, as chloride and sulfate. 
Calcium carbonate is the most important, and by far the most 
widely distributed compound of calcium. In a nearly pure con¬ 
dition, definitely crystallized, it is called calcite, or Iceland spar. 
Marble, limestone, and chalk are less pure forms; while dolomite 
(§ 447) is a distinct mineral, approximating the composition 
Ca( '() :r Mg< '< h. 

Calcium carbonate dissolves in water in the presence of an excess of car¬ 
bonic ami. Thus, subterranean waters that have accumulated carbon diox¬ 
ide under pressure often hollow out great, caves when they conic in contact 
with limestone deposits. The beautiful stalactite's and stalagmites that are 
formed in such caves owe their origin to the fact that the water which trickles 
through the roof of the cave parts with carbon dioxide as soon as the pressure 
upon it is released (§ t)S). The calcium carbonate is accordingly deposited, 
and in the course; of years may form a continuous column from roof to floor: 

Ca(l 1 CXhh =■ CaCOj+C() 2 | +114). 

llypot lietieal 
ejdeium iicul 
earl >< mate 

The formation of scale in steam boilers is a related phenomenon (§ 459— 
item 4). 

Second in importance among tlic minerals of calcium is gypsum, 

CaS (>4 • 2II 2 0. 
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When gypsum is heated it. loses a part of its water of hydrat ion (§ 79) and 
forms plaster-of-Paris, approximately CaSCV -iH 2 0, used for making replicas of 
statuary. Mixed with wood liber it forms stucco. The setting of plaster-of- 
Paris is a process of rehydration, for when water is added tin; powder com¬ 
bines with this to form a mass of interlocking crystals of gypsum. Plaster- 
of-Paris that has been too strongly heated will not set readily, unless the 
process of rehydration is catalyzed, by alum or some similar substance. Such 
a mixture of “ dead-burnt ” gypsum, with a little alum, is Keene's cemcht, 
widely used for interior decorations in imitation of marble. 

Other important calcium minerals are fluorite or fluorspar, 
CaFy (§ 209); phosphate rock, Ca ;{ (P() i)l» (8 308); and colcmanil.c, 
Ca 2 ByOi] ■ 5Hi»() (§dll). Those an* the sources of tin* commer¬ 
cially useful compounds of fluorine, phosphorus, and boron. 

464. Metallic Calcium.— Metallic calcium is prepared by elec¬ 
trolysis of the molten chloride. Sometimes fluorspar is added to 
lower the melting; point. The cathode is a copper rod, just touch¬ 
ing the surface of the electrolyte and gradually withdrawn as the 
operation progresses. The calcium adheres to the end of the rod 
and is thus slowly built up into an irregular cylinder of metal. 

Metallic calcium melts at a dull red heat (800° (■.). It. is 
tough, and can be turned and polished on the lathe, but is a much 
more active element than magnesium, decomposing water slowly, 
even at room temperatures. This property of calcium has some¬ 
times been employed to remove the last traces of water from 
alcohol, previously dehydrated as far as possible by quicklime. 

Calcium unites directly with all the non-metals, including even 
nitrogen. It combines with hydrogen to form a hydride, Call 2 . 
This has been of some use as a source of hydrogen for portable 
balloon plants, since it decomposes water even more readily than 
calcium itself. 

The only important, calcium alloy is Frary metal, prepared by electrolyzing 
molten calcium and barium chloride, with a cathode of molten lead, and used 
as an anti-friction metal for bearings, replacing Habhitt metal (§ 322). 

466. Limestone and Its Uses.—The; quantities of calcium car¬ 
bonate mined and used each year are enormous. In the United 
States, limestone quarries and lime-burning kilns are located in 
forty-three of the forty-eight stales. The American Portland 
cement industry alone probably consumes more than 13 million 
tons of impure limestone each year. Great quantities of marble 
and high-grade limestone conn; from the quarries of Vermont and 
other New England States, and from the states of the Mississippi 
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Valley, to be used for building stone. Stone for concrete mixtures 
and roads calls for further large amounts. Several million tons 
more are used as fluxes (§ 416) in the smelting of iron, copper, zinc. 


and other metals, and for burning to 
quicklime (§ 456) for the preparation of 
mortar and for use in the chemical in¬ 
dustries. Taken altogether, the United 
States consumes well over 20 million tons 
of limestone each year—about 400 lbs. for 
every member of the population. Only 
coal anti iron mining and the production 
of foodstuffs turn •over greater weights 
of raw material. 

456. Quicklime and Its Uses. —When 
limestone is heated to a temjx'rnture of a 
few hundred degrees centigrade, it is 
decomposed, losing carbon dioxide, and 
leaving behind a residue of calcium oxide 
(i quicklime , or lime). The reaction is a 
reversible one, and in a closed space, at 



each temperature, proceeds only until Fig. 103 -Cross-section of 


sufficient carbon dioxide has accumulated 
to set up a definite pressure: 


a stationary lime kiln, 
fired with producer gas. 


( 1:1003 + 21,900 cals. CaO+C0 2 . 


Will this reaction become more or less complete from left to right as 
the temperature is raised? State the principle involved. 

The process of decomposing limestone to produce quicklime is commonly 



Fig. 104.—A rotary lime kiln. Compare with cement furnace, Fig. 106. 


called “ limestone-burning,” though “ calcination ” would be a better name, 
since the oxygen of the air is in no way connected with it. It is very often 
carried out in vertical furnaces (Fig. 103), fired with producer gas (’$ 335); 
hut rotary kilns (Fig. 104), similar to those employed ill the manufacture of 
Portland cement, are now often used. 
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About one-third of the 3 million tons of quicklime produced 
in the United States each year goes into the building industry, 
for the production of mortar (plaster). This is simply calcium 
hydroxide (formed by slaking calcium oxide with wafer) mixed 
with a little excess of wat er and some sand. The setting of mort ar 
is due in part to a slow combination of the ea'cium hydroxide wi^h 
the carbon dioxide of the air, to form calcium carbonate. If air 
is excluded the process becomes impossible, and mortar (unlike 
Portland cement) accordingly fails to set under water. Even in 
the absence of air, however, a paste of calcium hydroxide will 
acquire a certain degree of hardness, due to the formation of a 
colloidal gel (§ 386). Mortar made from dotamitic limestone sets 
more slowly than that from pure limestone, and is somewhat 
deficient in mechanical strength, but works up more smoothly 
under the trowel. 


Other l 'sex of Quicklime 

Sprays and (lifts for combating fungi and insects (§ 537-1). 

Calcium bisulfite for paper-making 379). 

Sand-lime brick (§485). 

Flux for the production of pig-iron and other metals (§ 491). 

Cuusticizing soda (§ 435). 

Manufacture of soda bv Ix> Blanc and Solvny processes (§ 435). 

Removing hair from hides in tanning. 

Manufacture and refining oi cane and beet sugar (§ 307). 

Purification of coal g;is 317). 

Manufacture of calcium carbide (§ 157;. 

Manufacture of glass < § 100;. 

Purification of water (§ 101 1 . 

Manufacture of bleaching powder (§ 201). 

Recovering ammonia from coal gas 283). 

Recovery of acetic acid and acetone from the liquid produced by destructive 
distillation of wood (§ 300). 

467. Calcium Carbide. —Calcium carbide, CaC 2 , is made by 
the action of an excess of carbon, in the form of coke, on quick¬ 
lime, in an electric furnace, tit a temperature of 2800° (’.: 

Ca()-f 3(. —(’a( b+CO. 

Furnaces are now so designed thttf the product melts, and may lie 
tapped off at the bottom in ti fused condition (Pig. 105). The 
largest furnaces now have a capacity of 10,000 horse-power. 

Two very important uses for calcium carbide have previously 
been mentioned—the production of acetylene by its reaction with 
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water (§ 346); and of calcium cyanami.de, as a step in the synthesis 
of ammonia (§ 284). Calcium carbide is an excellent reducing 
agent, and has been used on a small 
scale for the reduction of the oxides of 
the heavy metals. Its production has 
increased enormously since its first, com¬ 
mercial utilization in 1892; at the present 
time probably half a million tons a year 
are consumed. 

458. Analytical Tests for Calcium. 

■—Calcium salts color the flame a brick- 
red, and it is easy Ho identify the ele¬ 
ment by its characteristic red and 
orange spectral bards. Solutions of 
calcium salts, after the heavy metals 
have been removed by hydrogen sulfide 
and ammonium sulfide, are often precipitated as the carbonate 
(along with strontium and barium) by ammonium carbonate, 
from a solution m:ide definitely alkaline with ammonium hy¬ 
droxide. 

CaOb + (N1 l-i )•>('(>3 = CaO(>y | +2NIL,C1. 



Fk; 105 —A small calcium 
carbide furnace La r ge 
furnaces are of the design 
shown in Fig OX 


In the analysis of limestone, cement, or other substances con¬ 
taining calcium, the hit Ur is usually precipitated as the oxalate. 
This, when ignited, gives the oxide, from the weight of which it is 
possible to calculate the percentage of calcium in the original 
material. 

EXERCISES 

1. Anhydrous carnallito has a lower melting point than pure magnesium 
chloride. State the principle involved. How is this an advantage in the 
production of metallic magnesium? 

2. Calculate the percentage of MgO in pure dolomite. 

M. What volume of carbon dioxide gas (§ 147) is evolved in calcining 100 lbs. 
of pure magnesite? 

1. Why is it, necessary to puss a current of coal gas through a magnesium 
furnace? 

5. Writt> equations to show the action of metallic magnesium on steam and 
carbon dioxide. 

0. Calculate the weight, of powdered potassium ehloiate to be mixed with 
5 g. of powdered magnesium in order to get the maximum explosive effect. 

7. What weight of metallic magnesium is needed to deoxidize an ingot of 
nickel alloy containing 250 e.c. of dissolved oxygen gas, measured dry at 20° C. 
and 740 min.? 
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8. Give equations to explain why sea-water will corrode a steam-boiler. 

9. About 107 g. of MgCl 2 -GH 2 0 will dissolve in 100 g. of water, at room 
temperature. Calculate the weight, of anhydrous salt in 100 g. of the solution. 

10. Write and balance equations to show the result of an attempt to 
dehydrate magnesium nitrate, Mg(NO.i) 2 -GIl-»(), by heating in the air. 
Would such a method give anhydrous barium nitrate, and why? 

11. A sample of magnaliuin weighing 1 g. is dissolved and analyzed, pro¬ 
ducing 0.22G g. aluminum oxide, and 4.0(H) g. magnesium pyrophosphate 
Mgsl*«Oj. Calculate the percentages of its principal constituents. 

12. Draw up a table showing the principal uses of three calcium minerals 
other than CaCOs, giving a chemical equation in connection with each use, 
where possible. 

13. What volume of CO; gas at standard conditions (§ 117 1 is liberated 
by the decomposition of sufficient limestone to produce 1 ton of quicklime? 

14. The reaction for the production of calcium carbide in an electric fur¬ 
nace calls for what minimum weight of anthracite coaf containing SO per cent 
non-volatile carbon, for each ton of carbide produced? 

15. Tabulate the principal uses of quicklime, giving one or more cqi at,ions 
in connection with each, when* possible. 

16. Write an introduction to a popular article on the limestone industries, 
intended to show the great diversity of interests which center m this raw 
material. 

17. Give equations to explain the nature of the difficulty met in attempting 
to produce anhydrous calcium chloride by ignition in the air. 'fell why igni¬ 
tion in a current of HC1 is successful. 

18. A sample of impure limestone weighing 1 g. yields sufficient calcium 
oxalate to produce 0.520 g. of pure CaO. Calculate the j>ereontage of CaCOs 
in the original sample. 
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The Chemistry ok Water Softening 

469. Calcium and Magnesium Salts in Water. - Water for 
domestic* use must be free from objectionable color, taste, odor, 
and bacteriological contamination. Small amounts of suspended 
matter or dissolved salts are usually not considered harmful. 
The* clarification and subsequent treatment of domestic; water 
supplies containing more than the* permissible amounts of such 
impurities has already been described (§ 82). 

On the* other hand, water for laundering, for the manufacture 
of paper, or for use in boilers, must be* comparatively free, not only 
from suspended impurities, but also from dissolved salts of iron, 
manganese, magnesium and calcium. There are a number of 
reasons why these mineral impurities render water unfit for 
industrial use: 

(1) Iron and manganese salts are objectionable in that they 
tend to be oxidized and hydrolyzed, depositing reddish flocks of 
ferric oxide (FeaW or of hydrated manganese dioxide (Mn()(OH)a) 
which produce rusty spots on clothing or paper, 

(2) Magnesium salts are hydrolyzed very readily when solu¬ 
tions containing them are heated (§ 450), liberating acid, which 
rapidly corrodes the pumps and boilers. 

(3) Both calcium and magnesium salts react with soap solu¬ 
tions, throwing down a slimy precipitate—an insoluble calcium 
or magnesium soap: 


2r 1 7H; 5 ;,C , ()()Na+MgCl2=(Ui7TI; J r i rOO) 2 Mg J +2Na(X 

Sodium Hoiip C§ ;ui7) MiiKiicsium soap 


The precipitation not only stains fabrics washed with soap in 
such water, but very greatly increases the amount of soap that it 
is necessary to use. Water that requires a great deal of soap, in 
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order to free it from dissolved calcium and magnesium salts, is 
said to be very hard; and the quantity of soap consumed is a 
direct measure of its hardness. Temporary hardness, so called 
because it may be removed by boiling, is due to acid carbonates; 
permanent hardness is due to other salts of calcium and mag¬ 
nesium. 

The removal of temporary hardness by boiling, is, in prin¬ 
ciple (§ 453): 


Cn(IlCO;<)2 = OnO() ;i ] + 1 IjO+C(\. f . 

(4) On heating water having a considerable amount of tem¬ 
porary hardness, the CaCOu that is deposited may form a coating 
or scale, that clings tightly to tI k* boiler tubes and interferes with 
the transmission of heat. A lave.- one-sixteenth of an inch in 
thickness may actually lower the efficiency of steam raising by 
20 per cent, causing a fifth of all the heat generated under the 
boiler to be deflected up the chimney. 

460. Water-softening by Precipitation— The treatment to be 
given any given sample of water, in order to fit it for industrial 
use, will, of course, depend on the kind of impurities to be removed, 
and should bo based upon a careful chemical analysis. Jf corro¬ 
sion is noticed, due to the liberation of acids through hydrolysis 
of magnesium salts, it may sometimes be prevented by the use of 
scrap zinc. This metal stands higher than iron in the electrolytic; 
series, and accordingly becomes anode* when in contact with iron 
(§ 422) being itself dissolved by the acids present, and acting 
vicariously to spare* the boiler itself. 

If trouble is caused by the formation of scale, if may some¬ 
times be cured by the addition of a precipitating agent, together 
with a little starch or tannin, or some similar organic substance, 
which tends to coat over the precipitated particles, to prevent 
them from adhering to the boiler tubes. Tor the most efficient 
purification, a scale-forming water should be* treated with the 
precipitating agent, then run off into setfling tanks or filtered. 

The common precipitating agents are lime-water (calcium 
hydroxide solution) and soda ash (commercial sodium carbonate). 
The lime-water must be added in just sufficient amount to accom¬ 
plish two results. (1) To neutralize all the free carbonic acid and 
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other acids in the water and change the acid carbonates of calcium 
and magnesium to the insoluble normal carbonates: 

Ca(I I C( );}) 2 + Ca (OII) 2 = 2( "aCOj J +2IT 2 0. 

(2) To precipitate all the aluminum, iron and magnesium as 
hydroxides, leaving an equivalent quantity of calcium salts in 
solution: 


+ f -itfOH) 2 = Mg(OII )2 | +CaCl 2 . 

Soda ash is then added in sufficient quantity to precipitate 
all the calcium originally present as sulfate and chloride, or 
formed from the pdded lime water: 


(V^ + Na^ n^CaCO;, | +Xa 2 S0 4 . 


Water which has been correctly treated in this way, and then settled or 
filtered, will never form scale. Hut it will be noticed that in the removal of 
permanent hardness sodium salts are introduced. These increase the tendency 
of the liquid to loam during boiling; and in extreme cases water may be 
thrown out of the boiler into the steam pipes, perhaps wrecking the engine. 

461. The Arithmetic of Water Softening.—Review § 1 IS. As an example 
of the application of the two simple principles just discussed, let us formulate 
a presetiption for the softening of a water of the following composition: 


Milligrann s per Liter Milligram-Equivalents 
{ — Parts }>er Million). per Liter. 


Suxjicnrleil matter . 

30 

• « • • 

Free ('()< . 

It) 

(0.45) 

('alums 

Calcium (Cn++). 

11.00 

0.55 

Magnesium (Mg^" + ). 

2. SO 

0.23 

Sodium (Nn+J . 

4.00 

0 20 

Potassium (K f ). 

1.10 

0.03 


Total Cations 

1.01 

Anions 

Carbonate (C(b ). 

0.00 

0.00 

Bicarbonate (1 ICO,i~). 

41. (K) 

0.67 

Sulfate (SO, ) . 

0.N0 

0.14 

Chloride (Cl~). 

7.00 

0.20 

Nit rati* (NO.r). 

0.00 

0.00 


Total An ions 1.01 


Tin* first column of figures gives the results of the chemical analysis of the water 
expressed in milligram* /n-r liter. To put these data into usable form, each 
number must be divided by the weight of a milligram-equivalent of the ion 
concerned. This gives the results in the second column of figures, in which 
the composition of the water is expressed in milligram-equivalents per liter. 
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Now, there must be added enough Ca(OHL to unite with all the C0 2 (0.45 
mg.-equiv.) and IK'Oj' (0.07 mg.-equiv.) in addition to precipitating all 
the magnesium (0.23 mg.-equiv.). This makes a total of 1.35 mg.-equivs. 
of Ca(OlI) 2 . Smee 1 milligram-equivalent is .) (*0 + 2X17) =37 mg., this 
will mean 1.35x37 =50 mg. of Ca(()H) 2 for each liter of water treated. 

We now need to add enough soda ash to precipitate all the calcium sul¬ 
fate or chloride originally present m the solution, or formed just now during 
the precipitation of the magnesium salts with lime-water. This is most easily 
found by noting the total amount of sulfate (0.14 mg-equiv.) and of chloride 
(0.20 mg.-equiv.) and diminishing this by the amount of sodium (0.20 mg.- 
equiv.) and potassium (0.03 mg : -equiv.j. This gives 0.11 mg.-equiv. of 
sulfate and chloride, originally present m combination with calcium and mag¬ 
nesium, and now with calcium alone. Tims, we must add 0.11 mg.-equiv; 
of Na,.CKb; or 0.11 X 1 T 1 = 5.S mg. of that substance for each liter of water 
treated. 

But a milligram in a liter is the same as ~i *lb. in 100ft f. S. gals.* I lenoe, 
each thousand gallons of water treated will require 50 X i i.. —0.42 lb. (la(OH)->; 
and 5.SX i in ~0-04S lb. Na.-('()„ Allowing something for impurities in 
these chemicals, our final prescript-on would therefore call for about, 0.45 lb. 
commercial slaked lime and 0.05 lb of soda ash. 

The preceding calculation is intended to illustrate the general procedure 
followed in calculating formulas for water softeners, but one should not attempt 
to follow' it blindly, disregarding all other considerations. Where temporary 
hardness (due to acid carbonates) is high, it may be best to remove the dis¬ 
solved C() a by heating, and then soften by the use of Na.-('() ; , alone. Again, 
it is sometimes necessary to be content with partial precipitation of the cal¬ 
cium and magnesium, in order to avoid risk of foaming, caused by the addi¬ 
tion of too much sodium. Finally, there are cases of waters high m sulfate, 
which can best be softened by barium carbonate, provided they are not to be 
put to uses in which the poisonous nature of barium salts would be an objec¬ 
tion. 

462. Water Softening by the Permutite Process. —At the 

present time, a great, deal of water is softened for industrial use 
by being passed through bods of artificially prepared silicates, 
resembling in composition tin* natural minerals called zeolites 
(§ 403). This material was originally railed permutite, a modi¬ 
fication being known as borromite. If we represent, the per- 
mutite silicate by Nad)- Al 2 O:v2SiO 2 -0II 2 () or Na 2 (Al 2 Si 2 O s ), the 
softening of water filtered through such material would be repre¬ 
sented by the equation 

Na 2 (Al 2 Si 2 0 8 )+MgCl 2 5* Mg(Al 2 Si 2 0 8 )+2NaCl. 

It is evident that, the reaction consists in the replacement of the sodium of 
the zeolite by magnesium or calcium. When the bed of permutite has liecorno 
exhausted, it may be regenerated by passing a sodium cldoride solution through 
it; for the preceding reaction is a reversible: one. 

*Or, -jio lb. in 1000 Imperial gallons. 
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Portland Cement 

463. Hydraulic Mortar or Cement. —It has long been known 
that by calcining limestone containing a certain proportion of clay, 
it is possible to produce a hydraulic mortar, differing from ordinary 
mortar in its capacity for setting under water, or in the absence of 
carbon dioxide. The ancient Romans took advantage of this 
fact in preparing the cement with which they set the stones in 
some of their famous aqueducts and public buildings—selecting 
their raw materials with a skill that cannot fail to win our admira- 



Fig. 100.—Outline of the manufacture of Portland cement. 


tion, when we consider that they were without any of the resources 
of modern analytical chemistry. 

The chemical counterpart of the ancient Roman mortar is 
Portland cement, so called from its resemblance in color to the 
celebrated building stone quarried near Portland, England. 
Invented a century ago (1824), it. remained foi a long time of very 
slight importance; but about 1890 its production began to increase 
by leaps and bounds, owing largely to the introduction of the 
rotating furnace and the invention of reinforced concrete-a 
device whereby the icmarkable resistance of concrete to disrup¬ 
tion by crushing is supplemented by the enormous tensile strength 
of steel. Fortunately, these developments found a plentiful sup¬ 
ply of cheap reinforcing material at. hand, as a result of the newly 
perfected Bessemer process for making steel (§ 496). 
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464. Concrete. —Cement mixed with sand and broken stone 
forms concrete, our most important building material. Cheap, 
strong, made of raw materials to be found in limitless quantities 
in every land, concrete has rapidly displaced other building 
materials in many an application. Wood is subject to destruc¬ 
tion by insects, fire, and mold; stone needs to be laboriously 
shaped by hand; bricks have to be set in mortar, one by out*, by 
skilled workmen. But concrete is mixed by automatic machinery, 
and poured into place in the rising walls like so much water, to 



Fig. 107.—A rotary cement kiln. 


harden in a few days to solid rock -non-inflammable, non-rusting, 
proof against decay, strong enough to weather earthquakes and 
hurricanes, and fit to endure for centuries. 

Cement factories are now found in more limn lm!f the states of the Union, 
and most of our important engineering structures, Imilt within the past twenty 
years, are of concrete: the locks of the Panama canal: the great irrigation 
darns in Arizona, Nevada, and Wyoming; the breakwater at (lalveston; the 
Chicago municipal dock; aqueducts for the cities of New York and Bis 
Angeles; several thousand miles of concrete roadbed in the states of the Ohio 
valley; great buddings in half a hundred cities; warehouses and gram ele¬ 
vators through all the Central Norl.hwesl---without, counting many minor 
applications, such as fence-posts, fireproof shingles, culverts, tunnels, bridges, 
barges, and piles for restraining the Missouri River and its tributaries from 
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encroaching on Western farms. The United States now consumes above 90 
million barrels (17 million tons) of Portland cement each year. 


465. Portland Cement Manufacture. —We have now long since 
passed the stage of being dependent on the supplies of limestone 
that chance to contain just the proportion of clay to give a mortar 
setting under water. Modern cement is produced by deliberate 
mingling of raw material rich in lime (CaO) with other material 
rich in alumina and silica (Hit )•>). The lime is commonly 

furnished by limestone of a rather inferior grade, carrying a few 
per cent of impurities; or in some cases by chalk or marl (a deposit 
of mixed chalk and clay dredged from ponds or river bottoms). 
The alumina (AM *.i) and silica (Si(h>) are furnished by clay, shale, 
slate-rock, or occasionally by blast-furnace slag. 

The manufacture of Portland cement is carried out in four 
stages, as outlined in Fig. 100: 

(1) The dry materials are finely ground and mixed, in the 
proportion of about 4 or 5 parts of limestone to 1 of shale or clay. 

The mixing must be very intimate, and in the “ wet process ” is 
aided by t lie addit ion of enough water to the finely ground material 
1 o form a thin paste of “ slurry.” 

(2) The wet “ slurry ” (or the intimate mixture of powdered 
dry limestone and clay) is fed into a cement furnace (Fig. 107)— 
a revolving inclined tube from (i to 8 ft. in diameter, and 60 to 150 ft. 
long, of sheet steel, lined with fire-brick. 


The furnace is fin'd at the lower end, through a stationary hood of fire- 
bnek, with a blast of compressed air and powdered coal. This end is at an 
intense white heat, a.bout t t(K)° to 101)0" (\ As the flames sweep through the 
furnace 1he_\ are cooled hv the material that is being dried and calcined, and 
escape at the upper end at a temperature of 000° or S(K)° ('. into a chamber 
lined with fire-briek and surmounted by a steel stack. In some plants, a 
considerable part of the power that is required for grinding and other opera¬ 
tions is oblained from steam boilers making use of waste heat from the fur¬ 
nace gases. 

The raw materia!, in passing through the furnace, is dried and caleined, 
('().. being expelled from the limestone, leaving CaO. This unites chemically 
to some extent with the alumina and silica to form silicates and aluminates, 
the excess him* being held in solid solution. The product, is then dis¬ 
charged in the form of pellets or halls of a greenish-gray color, partially fused 
on tin* surface. A large furnace may produce as much as a thousand barrels 
(200 kins) of this “ cement clinker ” in a single day. 


(3) The clinker is cooled by passing through a cooler, a rotat¬ 
ing cylinder, traversed by a current of cold air. It is there mixed 



480 


PORTLAND CEMENT 


with about 2 or 3 per cent of gypsum (§ 453), which has the effect 
of lengthening the time required for the cement to set. 

(4) The mixture of clinker and gypsum is finally ground to an 
extremely fine powder in rotating tubes partially filled with steel 
balls. 

466. Chemical Composition of Portland Cement.—Portland 

cement varies somewhat in chemical composition, and accordingly 
has no definite' formula. To be of good quality it must satisfy 
the following requirements: 


(1) The proportion of alkalies, Na-0 and Kl> 0, must be very 
small, and it must not have more than 5 per cent MgO or 3 per 
cent SOy. Clinker containing too much ot any of these con¬ 
stituents will fuse too readily in the furnace, and will give a 
cement of inferior strength. 

(2) The ratio of lime and magnesia (CaO-f MgO) to the other 
principal oxides in the cement (SiO-j-j- Al_>0 ;i ) should lie between 
1.8 and 2.1. T1 lis means that Portland cement, is distinctly basic 
in its chemical nature—being in that respect in sharp contrast to 
glass, which may contain the same oxides, but with Sith* in con¬ 
siderable excess. If too much Cat) is present, the cement will 
crack in setting and bo of poor mechanical strength. If too little 
CaO, the cement will set too quickly. 

(3) The ratio of SiOi* to AL*0 ;j should be 2.6 to 4.0. The lower 
figure tends to give too quick a rate of setting; but in case of need 
the setting may be retarded by the addition of a little extra 
gypsum. 


A cement satisfying the preceding requirements would have a composition 
not far from the following. (’aO. 04 per eenl; SiO.., 22 per cent; AI/)<, 7 
percent; Fe(), 4 per rent; S< >•., 1 0 per cent; MgO, 0.K per cent; NaD and 
KjO, 0.0 per cent. The essential constituents nre, of course. Ihe first three 
listed. A cement devoid of iron and manganese would lie pure white, hut 
would offer no other advantage. 


467. How Portland Cement Sets.- When cement is mixed 
with water alone or with water plus sand and gravel, it takes an 
initial set within a few hours and thereafter hardens slowly through 
a period of months or years. The final strength of the concrete 
depends largely on the ratio of water to cement, in the original 
mixture. Microscopical examination shows that each of the 
original partichs of clinker has partly dissolved in water and that 
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this dissolved material has then been redeposited around a nucleus 
of unchanged clinker, forming a mass of interlocking crystals. 
Concerning the exact chemical nature of this crystalline material 
there has been considerable debate; but it seems likely that the 
initial set is due to the formation of crystals of a calcium silicate 
and calcium aluminate of variable composition, containing a 
rather strong preponderance of base. Thereafter, during the final 
stages of hardening, crystals of calcium hydroxide may appear; 
though the setting is partly, at least, a colloidal phenomenon, as 
in the hardening of mortar (§ 450). 

The fact that Portland cement sets in this way proves it to be not entirely 
insoluble! in water, anti concrete structures arc* consequently not altogether 
proof against injury if water is permitted to percolate through them. Some 
degree of protection is afforded by adding a small amount of lime plus gypsum 
to the cement in the outer layers of the concrete, or by painting the finished 
surface with asphalt paint. Sea water is especially destructive, for the mag¬ 
nesium salts rapidly dissolve out the excess of lime contained in the concrete, 
and structures not well protected against such corrosion are certain to be 
destroyed within a few years. 

Strontium and Barium 

468. Strontium. —The common strontium minerals are the 
carbonate and sulfate, both extremely insoluble in water. The 
soluble salts of strontium, such as the nitrate anti chloride, are 
usually prepared by dissolving the carbonate in the corresponding 
acid; or else by reducing the sulfate with carbon at a white-heat, 
and then treating the product with an acid: 

' SrS()*+4C = SrS+4CO f . 

SrS+2Iia = SrCl 2 +H 2 Kf . 

Occasionally the sulfate is converted into the carbonate directly, 
by boiling with an excess of sodium carbonate solution (§418). 

Strontium hydroxide forms a slightly soluble, crystalline, 
“ addition compound ” with sucrose, and has therefore l)een used 
in recovering sugar from molasses. Strontium salts are used in 
pyrotechnics, the common red fire used in signaling being a mix¬ 
ture of strontium nitrate' with about one-fourth its weight each of 
KGlOa, S, Mg, C. (Ground separately. Very dangerous, § 206.) 
The* spectrum of strontium shows a series of red bands and a single 
characteristic blue line. 
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469. Barium.— Barium likewise occurs as the insoluble car¬ 
bonate (withorite) and sulfate (heavy-spar), which are converted 
into soluble barium salts by the methods just described for the 
corresponding strontium compounds. All barium salts are 
extremely poisonous. The nitrate is list'd as “green fire” in 
pyrotechnics, and the sulfate, in a very finely divided condition, 
is an important filler, or extender (§ 554), in the manufacture of 
white paints. The barium spectrum shows a number of red, 
orange, yellow, and green bands. Barium peroxide, BaOg, made 
by heating barium oxide to about 500° (\, is of some impor¬ 
tance in the preparation of hydrogen peroxide, and was formerly 
used in the commercial preparation of oxygon (since it loses oxygen 
at high temperatures, and then recombines with a further quan¬ 
tity wlit'n the temperature is lowered). 


EX EXCISES 

A. (459-462). 1. In tin' clarification of wntcr l>y the use of alum and lime 

(§82; what weight of pun slaked lime is necessary for the precipitation of 
1 lb. of crystallized alum? (§ -470.) 

2. What weight of soap (assumed to be SO per cent sodium stearate, 
CijIlrCOOXa, and 20 per cent water; will be precipitated by 1000 gal. of 
water containing 100 mg. Ca 4 " 1- and 100 mg. Mg ++ per liter. 

8. A water having about equal quantities of temporary and permanent, 
hardness, is put through a feed-waler heater, then filtered previous to admis¬ 
sion to the boiler. What will lie the ell'ert on the quantily of the scale 
formed? 

4. What relationship exists between total cations and total anions in a 
water, expressed m mg.-equivs. per liter liable, § 401 j. Explain. 

B(463-469). 5. What weight of clay containing 80 per cent Cat), will 
need to be mixed with limestone, containing 58 per cent (’a(), in order to pro¬ 
duce a ton of unburned cement mixture, containing -12 pci cent (’a()? Will 
the cement clinker produced contain a higher or lower per cent of linn* than 
this, and why? 

6. CJive equations for the following; 

Preparation of strontium acetate from strontium sulfate (2 ways). 

Preparation of strontium chloride from strontium nitrate. 

Preparation of barium sulfide from heavy spar. 

Preparation of barium hydroxide from barium oxalate (2 steps). 

Preparation of barium thiosulfate, using barium carbonate, sulfur, air, 

and water as raw materials (several steps). 

7. Does the following Portland cement have a satisfactory chemical com¬ 
position, and if not in what respect is it deficient: C’aO, 05 per cent; Si() 2 , 
20 per cont; A1 2 0 j, 9 per cent; FeO, 3 per cent,; MgO, 2 per cent; 

1 per cent? 
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The element aluminum' is the basis of the oldest, as well as some of the new¬ 
est of the ehemieiil industries In the form of elav, it furnishes raw material 
for the ceramic arts tfie manufacture of bricks, tiles, pottery, rhnmvnre , and 
porrehnn. The history of these, if it could 1 m* written, would be as old as 
humanity itself. 

lint, side by side with such uses of the compounds of aluminum, the begin¬ 
nings of which are concealed in remote antiquity, we have a group of typically 
modern developments, periodcd within the memory of the present generation: 
the manufacture of metallic aluminum, thousands of tons each year, by the 
reduction of purified aluminum oxide in electric furnaces harnessed to the 
cataracts of Niagara; the thermite process, b\ which a whole group of metals, 
previously unknown 1o industry, have been divorced from union with oxygen, 
and made available m elementary form: the production of artificial emery , on 
an enormous scale, by sintering aluminum oxide in an electric arc, for use as 
an abrasive in grinding machine parts to exact dimensions; the manufacture 
of aluminum nitride, with the aid of nitrogen from liquid air, as a stage in 
the synthesis of ammonium salts, for increasing the fertility of tin* soil; not 
to mention the Portland cement industry , consuming vast quantities of clay of 
an inferior grade, together wiih limestone, to produce a building material 
superior to any that the ancient world ever knew. 


470. Aluminum Minerals.—Aluminum is found in a groat 
many silicate rocks and minerals (feldspar, § 402; mica, § 407) and 
in till soils. Every clay-hank, too, is a potential aluminum mine; 
but, at the present time, even the purest of clay deposits cannot 
profitably be exploited for the production of aluminum and its 
salts, in competition with the more valuable aluminum minerals. 

1. Bauxite, the chief of these, is the commercial source of 
metallic aluminum. It, is a hydrated form of aluminum oxide, 
approximating the formula Ali>(V2IIgO. 

2. Another aluminum mineral—important because it is used 
as a solvent for bauxite in the preparation of metallic aluminum— 
is cryolite, or sodium-aluminum fluoride, NaaAlFf,. The principal 
source of this is in (Ireenland, where great quantities are mined 
and exported yearly to the United States and Europe. 

4S3 
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3. Kaolin, or China clay, is a very pure, while, non-plastie, 
difficultly fusible form of clay, approximating the empirical formula 
AI 2 O 3 • 2Si (>2 - 21120 . It is used in the manufacture of porcelain, 
and in sizing paper (§371). 

471. Hydrous Aluminum Oxide. —Review §§94 , 401. When 
ammonium hydroxide is added to a solution of an aluminum saltj, 
a gelatinous white precipitate (or gel) is obtained. This is com¬ 
monly formulated as aluminum hydroxide, A1 (OII)j: 

AICI 3 +3NII 4 OII = A1 (O| + 3 NH 4 CI. 

But the gel, as a matter of fact, contains a considerable amount of 
water over and above that indicated by the formula. For Al(OII);} 
is the same, in percentage composition, as AI 2 O 3 ■ 3 II 2 O; whereas 
the freshly precipitated material, when drained and pressed as dry 
as possible, is still more than half water, and corresponds roughly 
to the formula AI 2 O 3 ■ 8 H 2 O. When this highly hydrated gel is 
exposed to a dry atmosphere, it loses water by insensible gradations, 
passing over imperceptibly into the anhydrous condition. No 
halt is made either at AI 2 O 3 • 31 12 O or at Al 2 ( > 3 - 2112 !). The former 
substance, or its equivalent, Al(OH);}, thus fails to satisfy the test 
for a chemical compound, that it shall have a definite chemical 
composition , maintained without variation over a definite (though 
perhaps limited ) range of temperature and pressure. 

In brief, then, there is probably no such thing as aluminum 
hydroxide. That term, or the formula, Al(OII) ;} , is a conven¬ 
tional symbol for a substance of variable composition that should 
properly be called hydrous aluminum oxide. The same is true 
of most of the other gelatinous precipitates commonly designated 
as hydroxides of the heavy metals—such things as Fe ( 011 ) 3 , 
Zn(0H) 2 , Cr(OH) 3 . 

472. Alundum. —Aluminum oxide, like magnesium oxide (§ 449) 
decreases greatly in volume if heated in an electric furnace. The 
sintered product is extremely hard, and identical in chemical com¬ 
position with the natural minerals, emery and corundum. It is 
commonly called alundum, and is very much used for making 
abrasive wheels for grinding automobile valves and other small 
machine parts that require to be finished with a very high degree of 
precision. 
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Alundum is not quite so hard as carborundum (§ 414); but it is less brittle, 
and therefore somewhat more economical as an abrasive for materials of high 
tensile strength, such as steel. For those of low tensile strength, such as brass, 
zinc, stone, and wood, carliorundum is usually preferred. 

Alundum has also been used in slip-proof blocks in stairways and subway 
entrances. When mingled with a small proportion of clay, to serve as a 
binder, it has been employed in molding crucibles for melting metals, and in 
filtering corrosive liquids. 

473. Aluminum Oxide an Amphoteric Substance. —When any¬ 
one of the hydrous forms of aluminum oxide is heated, it parts 
with its water. The anhydrous oxide, AI2O3, is commonly very 
insoluble in dilute acids and alkalies; but if it is dehydrated 
slowly, in the presence of ammonium salts, it may remain readily 
soluble. It is ampfioteric (§414); for it dissolves in acids to form 
aluminum salts. 


AlT^+tiHCl 2 AIOI 3 + 3 II 2 O; 
and in alkalies to form aluminates, 

Al 2 (>s+2NttOH <=± 2NaA10 l>*+H 2 O. 

Sodium 

mctuluiiiinate 

An excess of sodium hydroxide over that indicated by this equa¬ 
tion is required to bring AI 2 O 3 into solution, since the reaction is 
reversible. The aluminates, in other words, are strongly hydro¬ 
lyzed by water. They are, moreover, completely decomposed, 
even by so slightly active an acid as carbonic acid, giving a pre¬ 
cipitate of aluminum hydroxide. 

Write equation. 

474. Production of Metallic Aluminum. —Over 100,000 tons 
of metallic aluminum are now produced each year by the elec¬ 
trolysis of a solution of purified aluminum oxide in molten cryolite. 
The principal raw material is bauxite, which is separated from 
impurities, such as ferric oxide and silica by being dissolved in 
sodium hydroxide solution. The solution thus obtained is pre¬ 
cipitated with carbon dioxide, as just described. 

* The solution may also contain sodium orthoaluminate, Na 3 A10 3 ; but 
the present tendency is to explain the dissolving of Al 2 () 3 in an alkaline solu¬ 
tion as being due, in a large measure, to its colloidal nature, which makes pos¬ 
sible its peptization (§ 300) by adsorbed alkali. 
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The furnace, shown diagrammatieally in Fig. 108, consists of an iron box 
lined inside with carbon blocks, which serve as a cathode. The anode con¬ 
sists of a set of carbon plates, 
which are lowered from the ril¬ 
ing by means of a block and 
tackle. After an arc has been 
struck, some cryolite is thrown 
in, melting readily to a clear 
conducting liquid. Purified an¬ 
hydrous aluminum oxide is then 
dissolved in this. The aluminum 
that is produced collects at the 
bottom of the furnace, and is 
tapped out from time to time 
and cast into bars or ingots. 

Fig. 108.—Cross-stHion of an aluminum 

476. Mechanical Proper- furnace. 

ties of Metallic Aluminum. 

—Metallic aluminum has groat tensile strength, is extremely 
light, and rusts only superficially. 'When heated to about 100° C\, 
it has considerable malleability, and can be shaped by stamping 
(milk-cans and bottles). It is easily drawn into wire if alloyed 
with about 1 per cent each of nickel and copper. 

The colored covers on magazines are now very largely printed 
from aluminum plates. Aluminum foil has partly replaced tin for 
wrapping confectionery and tobacco. Aluminum and its lighter 
alloys can be east into molds only if special precautions are ob¬ 
served. It may be welded with an oxy-acetvlcne flame, using 
ail excess of acetylene and a flux of aluminum and lithium chlo¬ 
rides. Aluminum often replaces zinc in galvanizing iron (§ uOM). 

Aluminum lias greater electrical conductivity than copper, 
for conductors of equal weight per lineal foot; it has been widely 
used in high-tension lines, where it is necessary to have the sup¬ 
ports separated from oik* another by great distances. 

476. Chemical Properties of Metallic Aluminum.- Although 
aluminum does not rust, perceptibly at ordinary temperatures, 
large pieces, if heated to redness, will ignite and burn with a bril¬ 
liant white light, to form the oxide, though not so vigorously 
as magnesium. Aluminum will combine directly with nitrogen, 
if heated in this gas, forming a nitride, AIN. It, is therefore used 
for removing dissolved air from molten stool (§ 496). Tor yeais 
past, more aluminum has been consumed in this way than in all 
other uses combined. 
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Aluminum dissolves readily in dilute acids; but even concen¬ 
trated nitric acid, strange to say, has very little action. Dilute 
alkalies attack aluminum, forming soluble aluminat.es, and lib¬ 
erating hydrogen (§ 70): 

2Al+2Na()II+2IIa() = 2NaAI()2 + 3H 2 ] . 

477. Aluminum Alloys.- The most important aluminum alloy 
is magnalium, which contains 5 to 30 per cent magnesium. It is 
tough and strong, and is free from a fault of pure aluminum, in 
that it does not, adhere to lat he tools or a file. Aluminum bronze 
(90 per (*( i nt < "n, 10 per cent Al) has a beautiful golden luster, is 
resistant to corrosidh, and is stronger than ordinary bronze (§ 531). 
Nickeloy, an alloy of aluminum with small amounts of nickel 
(1 per cent) and copper M per cent), gives eastings that are fiee 
from defects, very light,, and of great mechanical strength. A 
similar product, Y-alloy, (Al, 92!; Cu. 1 ; Ni, 2 ; Mg, 1 !) is as 
light as aluminum, as tough a,- mild steel, very ductile, free from 
tendency to crack in rolling, and very resistant to corrosion. 

With the proportions reversed, and nickel in large excess, we 
have alloys used for jewelry, possessing the beautiful lustei of 
platinum, but without the brittleness that pure nickel shows when 
rolled or hammered (§ 525). 

478. The Thermite Process. —When a mixture of powdered 
metallic aluminum and ferric oxide is ignited in an open crucible, 
a violent reaction takes place, the aluminum being oxidized by the 
oxygon contained in the ferric oxide: 

2Al + Feat h = Alo< h + 2Fo+ 185,000 cal. 


So much heat is thus set free, and in so short a time, that the whole 
contents of the crucible is raised to a white heat. The iron reduced 


in the process is instantly melted, and collects in the bottom in the 
molten condition, covered over and protected from oxidation by a 
layer of fluid slag (AI 2 O 3 ). 


I’so is now made of this miction in thernntv uvlthng. The broken casting 
is surrounded by a mold of sand and clay, and floated to redness at the sur¬ 
faces to be joined, by means of a gasoline torch. If white-hot iron is tapped 
into the mold, from the bottom of the reaction crucible, the heated surfaces 
actually melt and mingle with the added material, forming a perfect weld. 
Repairs have often been made by this means to ships at sen and to disabled 
heavy machinery of all kinds at a distance from a repair shop. A very con- 



488 


ALUMINUM 


siderablc economy is effected by thermite welding of rails on electric traction 
systems, for the purpose of decreasing electrical resistance. 

The thermite process has also been of great service in the reduction of 
metallic oxides, having the great advantage of producing metal free from 
carbon. Manganese, chromium, titanium, molybdenum, uranium, tungsten, 
boron, silicon, ami a nmnlier of other elements have thus been prepared in a 
nearly pure condition or alloyed with iron. Sometimes a mixture of calcium 
and silicon is substituted for aluminum, in order to get a more fluid slag. 

479. Aluminum Salts. — 1 . The most important aluminum salt) 
by far, is aluminum sulfate, ALfSCb > 3-181 Mb which is consumed 
to the extent of thousands of tons each year in the purification of 
drinking water (§82), ns a mordant in dyeing (§ 372), in sizing 
paper (§371), and in (he tanning industry. All of these uses, 
except the first, depend on the fact, that aluminum sulfate and 
aluminum salts in general are at least partially hydrolyzed by 
water (§ 414): 

Al 2 (S0 4 )3+fiIl20 *=* 2A1(01I);,+3H->S() 4 . 

The aluminum hydroxide (hydrous aluminum oxide) thus formed 
adsorbs dyestuffs; fills the pores of paper; or interpenetrates the 
fibers of the hide that is being tanned, altering its texture. 

2. When a solution of aluminum sulfate is mixed with 
one of potassium sulfate, the two salts combine to form 
alum, which is a “double salt,” ]>otassium aluminum sulfate, 
K 2 SO 4 -Alo(SCb):*-24 Hl> 0, sometimes written KAKSO*)?' 12 H 2 0 . 
This is much less soluble than either of the t wo salts from which it is 
produced, and presently separates in well-formed crystals. 

It is interesting to notice that, ordinary alum is but one of a 
series of beautifully crystalline double salts, which may be formed 
by the union of one gram-molecule of the sulfate of a univalent 
metal, such as Li, Na, K, Hb, Cs, NII 4 , Tl\ with one gram-mole¬ 
cule of the sulfate of a trivalent metal, such as Al, (’r, Fe m , Mn m , 
Tl ni . These double sulfates are all referred to as alums, even 
though the trivalent metal contained in them is not always 
aluminum. Their general formula is 

M2 I S0 4 -M2 ,,, (Sf)4)3-24H 2 0, or M , M n, (SO*) 2 - 12II 2 0, 

and they all crystallize in very nearly identical crystal forms. 

3. When metallic aluminum is heated in a current, of chlorine 
gas or hydrochloric acid gas containing a trace of moisture, the 
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anhydrous salt is formed. This sublimes as a white powder, which 
can be collected and preserved in scaled glass tubes. Anhydrous 
al uminum chloride serves as a catalytic agent in many important 
organic syntheses (see text-tooks of Organic Chemistry, Friedel 
and Crafts’ reaction). 

480. Analytical Tests for Aluminum.— There are no charac¬ 
teristic color tests by which aluminum salts may be identified-in 
solution. 

1. Ammonium hydroxide, however, or a limited amount of 
sodium hydroxide, added to a solution of any aluminum salt, 
throws down a white, gelatinous precipitate of aluminum hydrox¬ 
ide (i.c., hydrous aluminum oxide, § -171): 


Al2(S04)3+(>NII 4 OH = 2AU()lI):, j + 3(NII 4 )2N0 4 . 

This precipitate fails to dissolve in an excess of ammonium hydrox¬ 
ide (distinction from Cu, Ni, Fc", Zn); but an excess of sodium 
hydroxide dissolves it (§ 473). 

2. Hydrogen sulfide, in neutral or acid solution, produces no 
precipitate with aluminum salts. 

3. Alkali carbonates and sulfides (or II^S in an alkaline solu¬ 
tion) precipitate aluminum hydroxide*. This is because aluminum 
carbonate and sulfide, being salts derived from a slightly active 
base (Al(OH)n) and slightly active acids, are completely hydrolyzed 
by water (§§ 113, 2(59). 

Give molecular and ionic formulations of this hydrolysis. 

4. When aluminum hydroxide, precipitated by any means, 
is mixed with sodium carbonate, moistened with a solution con¬ 
taining a mere trace of cobalt nitrate, and fused on platinum or 
charcoal, a characteristic blue color is produced. This is com¬ 
monly assumed to be cobalt aluminate (Thcnard’s blue): 

Na 2 CO a +Co(NO :4 )2 = Cot , O a +2XaN() 3 ; 


CoC( >a -f 2 A1 (()11 ) 3 = Co (Alt > 2 ) 2 +311 2 ()+C( > 2 . 

('»hult illuminate 

The same substance is produced when cobalt oxide is used its a pigment in 
painting chinuwaro, since it reacts with the alumina of the underlying material 
when the piece is tired in the furnace. Hut an excess of cobalt oxide, in any 
case, gives only a black color. 
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1. Write equations for the successive steps in purifying bauxite and pre¬ 
paring potash alum from the product. 

2. Write equations for the production of metallic manganese and silicon 
by the thermite process. 

3. Calcium liberates more heat per gram-equivalent than aluminum, when 
burned in oxygen. What does this indicate about the possibility or impossi¬ 
bility of producing metallic ca'cium from quicklime by the thermite process? 

4. What are alums? (live formulas of several. 1 

5. What is the percentage of chromium in a ferro-chromc alloy prepared 
by reducing pure chromite t § oOt)) by the thermite process? 

6. What is the chemical nature of thermite slag? For what may it be 
used? What other natural and artificial materials have the same composi¬ 
tion? 

7. Give an equation for the production of aluiy ilium, electrolylically. 
What weight of bauxite i« needed for a ton of aluminium? 

8. Explain ($ 127) why aluminum bronze cannot be prepared by elec¬ 
trolysis of a solution containing copper sulfate and aluminum sulfate. 

9. Explain why solutions of all alums hn\e an acid read ion. 

10. A sample of mugnalmm weighing 0.50(1 g w as dissolved in an excess of 
hydrochloric acid, and an excess of ammonium hxdroxidc added The pre- 
eipitute formed, when collected and strongly healed, weighed 0.S20 g. Cal¬ 
culate the percentage composition of the alloy. 

11. What are some of the elements that have been prepared by the ther¬ 
mite reaction? What elements might be substituted for aluminum in the 
thermite mixture? 

12. Starting with metallic aluminum, write and balance equations for 
reactions by which it would be possible to prepare* m succession: aluminum 
chloride, aluminum sulfate, alum, hydrous aluminum oxide, aluminum 
nitrate, sodium aluminate, aluminum acetate, aluminum phosphide. 

13. Given a mixture of bauxite and carnalhte, how could you prepare 
pure potash alum and pure cpsom salts? 

14. Write equations ior the reactions, if any, which lake place when a solu¬ 
tion of aluminum chloride is treated with: Nat >11, NaOH (excess), Na-X'Oj, 
Na,S, NH 4 OH, Nu-O a , BatOlE,, Il a S() 4 , Na 1*(> 4 . 

15. Give equations for reactions by which you could distinguish between 
solutions of the sulfates of lx, Mg, Al, Ga. 

Hi. Give an equation to illustrate the property of aluminum acetate that 
makes it valuable as a mordant. 
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“Lot us make brick und burn ilium thoroughly (luncsis 11:3. 

481. Origin of Clay.- When granite ami certain related rocks 
are exposed to weathering, they are gradually disintegrated and 
their more soluble ingredients dissolved and removed. In the 
end, Jill the soda and potash may disappear, leaving a residue of 
alumina and silica in a hydrated condition. This we call clay. 
The purest clay (kaolin) approximates the formula 

A] 1 .() r 2Si() 1 >-21b.O; 

but its composition varies somewhat with the circumstances 
under which it is formed. Ordinary clay is. furthermore, almost 
always intermingled with undecomposed fragments of the original 
rock, such as flakes of mica. 

482. Clay for Industrial Uses —If pure clay were known and 
available to the industries, it would bo found to lack many useful 
properties that are found in impure forms of the same material. 
Thus, clay which is associated in nature with the proper amount of 
calcium carbonate may be burned directly to Portland cement 
(§ 405). That containing considerable fine sand may be plastic 
enough to mold into pottery (§ 487b yet free from the distortion 
by shrinkage during drying that would be shown by a purer mate¬ 
rial. That, containing a small amount of ferric oxide is suitable 
for ornamental brick and tile, since it develops beautiful red or 
buff tints when baked in a kiln. 

But it is often the physical properties of a clay, rather than its 
chemical composition, that determine the industrial use to which 
it can be put. Tor example, a chemical analysis reporting the 
presence of a definite percentage of Si(t* would fail to reveal how 
much of this existed as uncombined silica, how much was pres¬ 
ent in combination with bases to form silicates, and how much 
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in the aluminosilicic acids of the hypothetical clay substance. 
Again, a determination of water remaining after drying at a mod¬ 
erate temperature, but expelled on heating to redness, would not 
tell us how much of this water was held by colloidal substances, 
conferring plasticity on the clay, and how much represented 
replaceable hydrogen of the aluminosilicic acids, conferring reac¬ 
tivity toward bases. Finally, a difference in the percentage hr 
state of combination of the alkali or alkaline earth metals, too small 
or subtle to be readily detected by analysis, may cause such a 
great difference in the temperature at which clay begins to fuse 
as to render it almost worthless technically. 

• 

483. Commercial Grade? of Clay.—Ball clay is a relatively pure material 
of unusually high plasticity, which begins to vitrify (§ 4S5) at a fairly low 
teinjM'rature, and usually burns to a pure white color. These properties 
make it valuable for the manufacture of earthenware and stoneware 
(§§ 487, 488). _ 

China clay is a variety of kaolin (§ 470) deposited in the neighborhood of 
igneous rocks, from which it is formed by weathering. It is used in the 
manufacture of ehinaware, and for coating paper (§:t71). When freed from 
coarser material bv washing with water, it is the purest, known form of clay. 

Fire-clay is resistant to heat, w’ith a softening point above 1500° C\ It is 
somewhat purer than ordinary clay, being in this respect allied to kaolin; 
though a chemical analysis will scarcely enable its softening point to be fore¬ 
told. It. has also an unusualb small shrinkage when ignited, and is resistant 
to abrasion. 

Fuller’s earth is an impure tvjx* of clay, used as a filtering medium, for 
decolorizing edible oils. 

Shale is clay which has been compacted by pressure, forming brittle, leaf¬ 
like layers of considerable hardness. We have* noted (p. MOD) the occur¬ 
rence, in such material, of organic matter capable of yielding oil by destructive 
distillation. Shah* is an important raw' mutcrial in the Portland cement 
industry (§ 40.5). 

Slate is a dense form of shale, w Inch has been altered by heat. It is devoid 
of plasticity, and is used as building material, for roofing, and for electrical 
switchboards. 

484. Classification of Ceramic Products. —Glass is a substance 
of acidic nature, in flu* sense that if. contains a predominating 
proportion of silica (§ 40b). Portland cement, on the other hand, 
contains an excess of base (lime). The true ceramic products— 
pottery, earthenware, porcelain, and the like— occupy, in a gen¬ 
eral way, a position between these two extremes; they contain less 
silica than glass, less lime than cement, and more alumina than 
either. Yet t he products of the ceramic art arc; of the most diverse 
chemical composition, clay being but a minor ingredient of china- 
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ware and porcelain; moreover, the glazes used on earthenware are 
of a glassy nature. 

Ceramic products are conveniently classified into three 
groups: 


1. Unglazed porous material: bricks, pottery, terra cotta. 

2. Porous material, glazed superficially: earl hen ware, sanitary 


ware. 

3. Non-porous material: stoneware, chinawarc, porcelain. 
We shall consider these in the next few pages. 

485. Brick. - 1. ( ■ommon building brick is made of loamy 
clay, that is, clay containing a considerable proportion of fine sand. 
The material is kneaded with water, and the dough-like mass thus 
produced is pressed through a rectangular opening and cut cross¬ 
wise with wires. The presence of the sand lowers the plasticity 
of the raw material, but decreases its tendency to crack, twist, or 
shrink unduly during drying. 

The fully dried material is heated until it begins to vitrify. 
This means that a temperature is finally reached at which the 
more fusible constituents begin to melt, forming a slag which 
flows around the unfused particles, cementing them firmly 
together. The* further this process of vitrification is carried, the 
tougher, harder, and more impervious the brick will be. When it 
has been carried as far as is practicable without danger of causing 
the molded mass to lose its shape, the ceramic material is said to 
be completely vitrified. 


Sometimes powdered magnesite is added, to serve as a flux, uniting with the 
aeidie constituents of the elay to form an easily fusible alumino-silieute, thus 
lowering the temperature at which vitrification begins. Commonly, ferrous 
oxide serves as the fluxing agent, this being a more aetive base than ferric 
oxide (§ 504) and practically always present in the material being fired, 
through the reducing action of the flames or of organic matter present in the 
clay itself. The red color of the finished brick is, of course, dependent on the 
access of sufficient oxygen, during the later stages of burning, to oxidize the 
iron in the surface material to the ferric condition. 


2. The mechanical strength of brick depends on the fineness, 
plasticity, and moisture content of the original material, the pres¬ 
sure used in molding, and stage of vitrification. Common building 
brick will withstand a pressure of hardly more than a thousand 
pounds per square inch; but thoroughly vitrified brick, for paving 
or engineering construction, will carry ten times that load. 
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Since brick is a cheap and heavy material, it is never transported long dis¬ 
tances by rail, unless it happens to be of a very special quality. There arc 
brickyards in every part of the United States though the most important pro 
duct ion is in the Hudson River Valley, within short distances of half a dozen 
great cities. The total value of the brick produced in the United Stales (1910) 
amounts to more than $00,000,000 a year. 

3. Sand-lime brick (artificial stone) is made by molding sand 
with J or 2 per rent, of slaked lime, then treating the product for a 
number of hours with superheated steam. "The lime reacts with a 
portion of the sand to form a calcium silicate, which binds the sand 
particles together. 

486. Refractory Brick.- Many of our most important indus¬ 
trial products would be quite impossible to prepan* without the 
aid of chemical substances of an extremely infusible nature, 
termed refractories. Thus, without fire-clay or a suitable sub¬ 
stitute from which to make melting pots, we should be without 
glass. Lacking dolomite brick or a refractory of similar nature, 
we should Ik* without basic open-hearth steed (§ -197); and the 
United States, which now leads the weald in the production of iron 
and steel, would have* to yield its place to countries possessed of a 
purer supply of iron ore. 

The most widely used refractory is fire-clay (§ 483). CYmirnon 
fire-brick are inolde*d of raw fire-clay, which has been mixed with 
coarsely ground burnt clay from old crucibles or broke*]i bricks of 
a previous heat, to reduce the shrinkage* and distortion in the kiln. 
The pots use*d in glass making, and the* fire-clay boxes (seggars, 
§ 489) used in firing porcelain, are of the* same gene*ral composi¬ 
tion. Crucibles used in melting metals are of firt'-clay mixed with 
flaky graphite;, the* latter being added to decrease the wear by 
erosion, and to retard oxidation. 

487. Pottery. —Unglazed pottery resembles brick in being 
permeable to water, but Hie bc*st grade's are made of a purer clay, 
which burns to a light buff or white, or are at least surfaceel with 
such material. (1) A great deal of pottery is still molded on the 
potter’s wheel. This, one of the most ancient of human imple¬ 
ments, is as old as civilization, and has been the object of inde¬ 
pendent invention by primitive modern tribes in many different 
parts of the world. (2) But much pottery is now formed by 
pressing into molds and (3) by pouring a thin clay suspension into 
plaster-of-Parb forms, which absorb the excess moisture. The 
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changes that take place when pottery is burned in the kiln are 
the same ids those that have been described for brick: a gradual 
dehydration , accompanied by a shrinkage and loss of plasticity 
on the part of the clay; and eventually an actual partial fusion of 
the more readily melted constituents, forming a fluid which serves 
to cement the remainder of the material into a solid, stony mass. 


Pottery (glazed and unglazed) in produced in practically every state of the 
Union, hut the two most important centers of the industry are in (Southeastern 
Ohio and New Jersey. Ohio also produces great quantities of unglazed drain-' 
age tile and terra cotta, products identical m their chemical nature with 
ordinary unglazed pottery. 

Pottery that has received a superficial glaze or enamel, to make it water¬ 
proof, is commonly t envied cart hen irarr. The cheapest and least effective of 
these glazes are those produced on roofing-tile and sewer pipe by throwing 
common salt into the 1 kiln in which the ware is being fired. This, in the 
presence of moisture, at the high temperature there obtaining, reacts with the 
silica of the clay, to produce a fusible silicate; in principle: 


2Nan + ll,0-fSi0.-Na,Si(),+2IICl f . 


To produce white earthenware, it is necessary to employ a mixture of 
white-burning ball-clay and kaolin, with a little flint and feldspar. After 
firing, a glaze is applied by dipping tin* object in a tlnn suspension of powdered 
frit (a low-melting glass), with the addition of some white lead (§ 580) and 
flint. When the wan* is reheated to a somewhat lower temperature than that 
reaehed in the first firing, this covering melts, forming a silicious glaze—a sil¬ 
icate of lead, sodium, and calcium. The more easily fusible glazes contain 
borates as well. 


488. Chinaware and Stoneware. —The material known as 
English chinaware, or bone china, differs from any of those just 
described, and resembles porcelain in bring completely lion-porous; 
and, though it usually receives a coating of glaze or enamel, is not 
dojKMulent on the same for imixTviousness to water. It is molded 
from a mixture of bone ash (calcium phosphate) kaolin, and feld¬ 
spar (about in the proportion :2 : 1). When this material is 
fin'd in a kiln, the bone ash and feldspar fust' to a certain extent, 
and fill up the port's between the particles of kaolin. The glaze, 
afterward applied in the same manner as described above for 
earthenware, is to improve the appearance of the surface, and 
prepare it, for decoration in color. 

Stoneware is a. dense, heavy, non-porous ceramic material, used 
in the industries for pumps and piping for circulating acids. The 
ingredients are refractory clay, with a proportion of fluxing mate¬ 
rial, such as feldspar, to insure that the pores shall become com- 
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pletely filled with fluid at the unusually high temperature at 
which the ware is fired. Sometimes a vitreous glaze is applied in 
addition. 

489. Porcelain. The acme and perfection of the ceramic art 
is porcelain. This had its origin with the Chinese, who had long 
been accustomed to use pure white clays of low plasticity, and who 
fired their wares at higher temperatures than would have be£n 
possible with inferior raw material. The earliest products worthy 
of the name of porcelain probably date from about a.d. 900— 



Fig. 109—A porcelain factory in Colorado. Note the conical stacks of the 
kilns in which the porcelain is fired. 


a matter of six or seven centuries before the development of 
the art in Europe. 


The ingredients of porcelain are kaolin (§ 470), quartz, and pow¬ 
dered feldspar, in variable proportions. These are very carefully 
ground, floated in waf er, and the coarser material reground or dis¬ 
carded. The suspension thus obtained is put through filter presses 


to obtain a heavy paste. 


The plasticity of this is much less than 


that of the clays used in producing the best grades of white earthen¬ 


ware and chinaware; nevertheless, by keeping this material in 


storage for a period of several months, organic impurities ferment, 
and the kaolin apjxjars to become more highly hydrated and 
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plastic. The paste is then molded into the desired form, air-dried, 
placed in covered fire-clay boxes (seggars), and fired at a low red 
heat. 

The final step is to cover the objects thus formed with a paste 
of kaolin, quartz, marble, and feldspar, and fire again. 

The porcelain used in chemical laboratories must be capable of with¬ 
standing the, action of acids and dilute alkalies, and more than commonly 
resistant to sudden changes in temperature. That used for electrical insulators, 
must have considerable mechanical strength, low shrinkage' in firing, high 
electrical resistance, and imperviousness to moisture; but it need not have 



Fig. 110— Interior of an American porcelain factory. 


the white color and transluccney demanded of decorative porcelain. It is 
really only a superior grade of stoneware. 

To this product we owe the possibility of high-tension transmission of 
electrical energy to points remote from its source—trains hauled over the 
Rocky Mountains hy the weight of water descending distant cascades, and 
cities illuminated by tires burning under boilers at coal fields hundreds of miles 
away. The Tinted States, which leads the world in the electrical industries, 
produces enormous quantities of low- and high-tension insulators. 


EXERCISES 

1. Wlial raw' materials are employed m the preparation of each of the fol¬ 
lowing: Class, Portland cement, English china, porcelain. Outline the process 
of manufacture in each ease. 

2. Draw up a table, based on the present text and soilie reference work on 
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economic geology, of the physical and chemical characteristics of the principal 
industrial types of clay. 

3. Explain the following terms: Enamel, refractory, terra-cotta, salt glaze, 
cobalt blue, alundum, emery. 

4. What are the principal differences in methods of manufacture and 
physical properties between porcelain, stoneware, and earthenware? 

, r >. Should a pigment to be applied under a transparent glaze, in decorating 
earthenware, be of lower or higher melting point than one applied over the 
glaze, and why? t 

('». Explain why a chemical analysis of a clay tells little of its ehemical 
composition. 

7. Explain how the character of silica as an acid anhydride is applied in the 
manufacture of artificial stone (§ 4Nf>). 

5. Describe the casting of earthenware from thin clay suspension. Why 
is a little dilute alkali frequently added to the suspension, previous to casting 

( § »nor . ' 

9. To which are clay crucibles most resistant: acid or basic charges? 
Explain. 

10. What kind of a material would you recommend in each of the follow¬ 
ing situations: Small crucible for melting steel; hearth for melting litharge 
i § 577); condenser for a nitric acid still; evaporating basins for concentrating 
sulfuric acid on a commercial scale; mixing vats for the preparation of super¬ 


phosphate fertilizer (§ 314). 



CHAPTER XXXVIII 


IRON AND STEEL 

After aluminum, the most plentiful metallic element is iron. It. betrays 
its presence everywhere, in many dark-cnlnred minerals, and in the russet- 
brown, and buff of bricks, pottery, sandstones, clays, and soils. If all iron 
compounds had happened to be colorless, we should miss most of the pleasant 
tints of landscape and countryside. Blood, m addition, awes its red color to a 
compound of iron (§ 391. 

Iron makes up about 4 per cent of the solid rocks of the earth's crust. 
Indeed, the magnetic properties of the planet and its high average density lend 
weight, to the suspicion that its interior ma\ bo largely solid iron. Most of 
the meteorites that reach us from distant parts of space consist principally 
of this one element, commonly alloyed with nickel. The numerous lines of 
iron are found in the spectra of all the fixed stars of intermediate age, of which 
our own sun is an example. 

Iron is the most useful of metals, partly because of its extreme abundance, 
but largely because of the ease with which its properties may be altered by 
adding s nail amounts of other elements, or by tempering or annealing (§ 499). 
According to its composition and previous history, it may be the toughest 
and strongest of metals, or one of the most brittle; highly magnetic, or almost 
completely non-magnet ic; highly expansible with increasing temperature, or 
with a coefficient, of expansion almost zero; so resistant to oxidation that it 
will withstand centuries of weathering or a long period of heating, or so easily 
oxidized that it catches fire of its own accord, like so much yellow phosphorus, 
when exposed to the air. At present, the world produces each year over f>0 
million tons of pig iron, which are partly included in the annual production of 
about 70 million tons.of steel. This is more than twenty times the production 
of all the other metals combined. 

490. Iron Ores.— To bo useful as an ore, an iron mineral must 
contain at least, 30 to 40 per cent, of iron. By far the most impor¬ 
tant iron ore is hematite, or ferric oxide, F 02 O 3 (the same as red 
ocher, or rouge, § 503). As much as 70 million tons of this have 
been mined in the United States in a single year (1917). 

A somewhat hvdrated form of this mineral, known as limonite, 
or bog iron ore, is oft en mined. Magnet it; iron oxide, or magne¬ 
tite, Fo 304 , is also important. In Europe a large quantity of 
siderite, or ferrous carbonate, F 0 OO 3 , is smelted. Iron pyrite, 
FeSa, consumed in enormous quantities in the manufacture of 
sulfuric acid (§ 240), is of no use as an ore of iron. 

499 
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with the silicious impurities of the ore, to form a slag, consisting 
largely of calcium metasilicate, CaSiOa.* Notice that slag-forma¬ 
tion must, not begin until after all the ore has been reduced to 
metal ; otherwise, a large part of the iron would be lost by direct 



Fin 112 —Reactions of the blast-furnace. 


union of Fe() with SiO^ to form a slag of ferrous metasilicate, 
FeSi():». 


* If the impurity present in the ore happens to be limestone, tin; flux used 
will be sand or feldspar. Jf the ore is quite pure, both sand and limestone 
must be added, to form enough slag to cover over the molten iron in the bot¬ 
tom of the furnace and prevent it from being oxidized. 
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(3) Just below the middle of the furnace, at its widest part, the 
temperature reaches and exceeds the melting point of cast iron. 
The reduced iron and slag both melt in this zone. The contraction 
of the furnace walls below this point is to allow for the decrease in 
volume due to fusion. 

(4) At the level of the tuyeres, vigorous combustion takes 
place. Since air is present in excess, the first product of the com¬ 
bustion is OO 2 . But as this passes upward through the overlying 
layer of white-hot coke, it unites with the latter to form CO, which, 



Fig. 113—Tupping pig iron from blast-furnace. 


serves for the reduction of (lie iron ore in (he (op part of the fur¬ 
nace. 

If just enough CO were generated in the lower part of the fur¬ 
nace to reduce the iron ore above, it. would all be oxidized back to 
CO 2 by the ore, and the only gaseous products escaping from the 
top of the furnace would be CO 2 and No. But. actually a large 
excess of CO is always employed, because the reactions in the 
upper part of the furnace are reversible (§ 217). 

493. Blast Furnace Products. —The main product of the blast 
furnace is pig-iron, an impure form of the metal containing 4 to 10 
per cent of C and Si, with smaller amounts of Mn, S, P, and other 
elements. These impurities lower the melting point of iron 
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from 1530° to about 1130° O. (Compare §§09, 101.) Pig-iron 
has no very considerable tensile strength; i.e., it is very easily pulled 
apart by a direct strain. But its low melting point makes it 
valuable (when mixed with scrap iron) for casting stoves, steam 
radiators, window weights, and similar objects not subject to great 
tension or sudden shocks. 


The most important by-product of the blast furnace is blast¬ 
furnace gas. This is generally somewhat more than half nitrogen, 
with the rest CO and CO 2 , in about equal proportions. 


The blast furnace is not merely a source of iron. It is the greatest gas- 
producer in the world. Some idea of ttie torrent of hot gas issuing from a fur¬ 
nace in operation may be obtained from the statement that a pipe 0 to 10 ft. 
in diameter is needed*to carry it all away. A single dirnace may furnish over 
a hundred million cubic feet of gas a day—enough to heat its own air blast in 
a series of great stoves, supply gaseous fuel to the tremendous blowing engines, 
and have plenty left over to furnish power for a neighboring steel mill, c.~ a 
small town. 

The slag produced by a blast furnace is commonly discarded; but it is put 
to occasional use for surfacing railroad embankments, or for making paving 
stone, mineral wool, or cement. Jn case it happens to carry an unusual amount 
of phosphorus it ma\ be ground and sold as fertilizer. 

A large blast furnace may require 1500 tons of iron on* in a day, 1000 tons 
of coke, 500 tons of limestone, and 4000 tons of air; it will turn out 1000 tons 
of pig iron e*ve*r^ 21 hours, running continuously day and night for several 
years, until it finally needs to be shut down to renew the furnace lining. 


494. Wrought Iron. -Iron, when melted, readily dissolves 
carbon, phosphorus, sulfur, and many other elements. Thus, the 
molten pig-iron produced by the blast furnace is very impure, and 
of a quality quite inferior to that of the spongy iron produced by 
more primitive methods of smelting. The only advantage of the 
blast furnace is that it produces iron continuously, in liquid form. 
If it did not do this, the funmet; would have to be lorn down after 
completing the reduction of a single charge of ore. 

To improve the quality of pig-iron, it is purified by melting in a 
flat-bottomed puddling furnace, in contact with a bed of hematite 
or magnetic iron oxide. 

Flames from burning coal, mixed with an excess of air, sweep over the sur¬ 
face of the iron, and presently me lt it. The carbon, silicon, and phosphorus 
contained in the metal are oxidized by the excess of air and by the iron oxide 
of the furnace bed. The CO thus produced escapes. 1 he* Si() 2 and P 2 0* 
unite with the; magnesia lining of the* furnae*e* and wit h some eif the; iron oxide 
to form a basic siag, which floats on the* surface of the* meilbrn metal. Sulfur 
is removed in this slag as ferrous sulfide. This purification raises the fusion 
temperature of the iron until the latter no longer melts freely, but gathero 
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together in a pasty mass. It is then molded into large balls, which are 
removed from the furnace, worked under a steam-hammer, and passed under 
rollers to squeeze out the slag. 

Iron produced in this way is called wrought iron. It is far 
tougher and more flexible; than pig-iron, has almost the tensile 
strength of steel, and is easily welded, drawn into wire, or worked 
on the blacksmith’s anvil. It is used for chains, bolts, anchors,, 
and wire-fencing. Being nearly pure iron, it has a melting point 
much higher than that of pig iron. It is thus commonly used for 
grate-bars. Mild steel is a wrought iron to which has been added 
several tenths of a per cent, of carbon, to increase its tensile 

strength. Explanation, § 499. 

* • 

If a piece of wrought iron is cleaned and examined under a microscope it 
will be seen to have a fibrous structure, somewhat like wood, and to be crossed 
with wavy streaks of dark material, due to slag not completely removed by 
the rolling process. Casl iron and steel, on the other hand, show a crystalline 
structure. 

496. High-Carbon Steel.—To convert pig-iron into steel, the 
impurities present in the former must be removed and definite 
percentages of carbon and manganese added. This result may be 
accomplished in a number of different ways. 

(1) Cementation Steel. Wrought iron is heated to redness, 
in a closed box, in contact, with powdered charcoal. The carbon 
diffuses into the solid iron, changing it. into steel. This process is 
now of very little importance. 

(2) Crucible Steel. Wrought, iron, or a very pure grade of 
open-hearth steel, is melted in a graphite crucible, and enough 
cast iron or charcoal addl'd to give it about 0.75 to 1.50 per cent of 
carbon. Either the cementation or the crucible process produces 
what is calk'd “ high-carbon ” steel or hard steel. It is employed 
for razors, knives, and wood-working tools, for it is tough and 
retains a cutting edge very excellently. 

496. Bessemer Steel. —This process was invented in 1852, 
by Kelly, an American, and perfected by Bessemer, an English¬ 
man. It takes place in two stages: first, the impurities are burned 
out of molten pig-iron by a blast of air; second, definite amounts 
of carbon and manganese are added. 

The method makes use of a special apparatus called a Bessemer 
converter (Fig. 114). This is a pear-shaped vessel about 15 ft. 
in height, built of boiler plate, and lined with silicious material 
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(sand, with a very little clay). The converter is t.urned on its 

side, and 10 to 20 tons of 
molten pig-iron, taken direct¬ 
ly from the blast furnace, 
poured into it. Compressed 
air is then turned on, enter¬ 
ing through the horizontal, 
hollow trunnions on which 
the vessel is pivoted, thence 
passing to a set- of small 
openings in the bottom. As 
the converter is brought back 
into an upright position, the 
air streams up through the 
molten iron, burning the sili¬ 
con to Si()_-, the manganese 
to MnO, the carbon to CO, 
and a part of the iron to 
FeO. Phosphorus and sulfur 
are not removed in the American Bessemer process. 

The heat given off in this process of combust ion is sufficient to 
raise the temperature of the molten iron several hundred degrees, 
and to keep it fluid in spite of the fact that, its melting point is 
raised by the process of purification. The oxidation of the impuri¬ 
ties is marked by a great torch of burning carbon monoxide, issuing 
from the mouth of the converter. After a few minutes this sud¬ 
denly dies away. Next, some spicgelcisen is added—an alloy of 
iron, manganese, and carbon. The two latter elements reduce any 
FeO that may have been formed, and any excess left over dissolves 
in the molten iron to convert it. into steel. 

Very frequently, some iron-titanium , iron-vanadium or iron- 
silicon alloy (§ 410), or some metallic aluminum is added to the 
finished steel. Aluminum and silicon act as scavengers, reducing 
any CO dissolved in the metal to carbon, thus yielding steel that 
produces castings freer from defects due 1 to enclosed bubbles of gas. 
Titanium and vanadium will remove air, for they combine directly, 
both with oxygen and nitrogen. The scavenger elements are, of 
course, oxidized, separate as slag, and need not be found in the 
finished steel. 
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Bessemer steel can be produced very cheaply, for the whole process can 
be completed in less than half an hour, and each charge may yield as much as 
20 tons of steel. This one invention, perfected just before the American Civil 
War, cheapened steel enormously, and enabled the western part of the conti¬ 
nent to be spanned by railroads and developed with extraordinary rapidity 
during the ensuing half century. 

Now, however, ores free from sulfur and phosphorus are not so easily 
obtained; and, furthermore, Bessemer steel, with the best of precautions, is 
likely to produce defective rails, due to enclosures of gas. Our modern heavy 
locomotives, pulling long freight trains, and high speed passenger transporta¬ 
tion—the famous “ Twentieth Century Limited ”—were thus only possible 



Fiu Ilf).—The chemical laboratory of a steel works. The iron ore, pig 
iron, and steel are carefully analyzed at each stage of the process of 
manufacture 'Hus photograph shows a set of electrically-heated com¬ 
bustion furnaces (§77) for burning samples of steel in a current of oxygen, 
to determine the percentages of carbon they contain. At the right are 
cylinders of compressed oxygen. 


when Bessemer rails had given place to those made by the open-hearth process. 
At present, Bessemer steel is restricted to structural frameworks, concrete 
reinforcement., a.id similar purposes, in situations where it is not exposed to 
continued vibration, sudden shocks, or active corrosion. 

497. Open-Hearth Steel. —In the open-hearth (or Siemens- 
Martin) process, pig-iron is melted with steel scrap and iron ore, 
on the hearth of a shallow furnace (Fig. 116) lined with silica 
brick (acid process) or with lime and magnesia brick (basic 
process). The fuel is producer gas. 

It is necessary to preheat, both the air and the gas used in firing the furnace 
in order to secure a temperature high enough to keep the steel melted during 
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the final stages of its purification. This heating is accomplished by a regenera¬ 
tive system, consisting of four large chambers (.4, 11, C, l), Fig. 110) filled 
with a checkerwork of silica brick. At the start., the brickwork in A and B 
is heated to incandescence. Then gas is passed through A and air through B, 
and both air and gas are thus raised to a high temperature before they mingle 
and combine within the furnace, F. The intensely hot flame* thus produced 
sweeps down over the charge* of pig-iron, steel scrap, and ore, thence out 
through the chambers C and I), raising the ehe*rkerwork in the latter to a white 
heat. After a little while, A and II have given up so much of their heat to 
the incoming gas and air that the current needs to be reversed. Air and gas 
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Fig 110—('ross-section of an open-hearth furnace 


then enter through (' and I), which have meanwhile been heated, while the 
products of combustion sweep out through .1 and II and reheat the checker- 
work they contain. 

The molten material within tin* furnace is gradually purified by 
reaction with the iron on*. Silicon is oxidized to Si( h, and slags 
away as a ealcium-ferrous-magnosiiun silicate. Carbon is removed 
as CO. Sulfur and phosphorus are tigs tin unaffected, unless the 
furnace is lined with basic material (( a(), MgO); but in the latter 
case both sulfur and phosphorus arc* oxidized and removed as 
calcium and magnesium sulfates and phosphates. In tin* end, the 
properties of the steel may be modified bj r the* addition of a definite 
quantity of spiegeleisen or high-carbon steel. It is customary to 
add some aluminum or ferro-titanium as tins steel is drawn from 
the furnace, to remove dissolved gases. 
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The great advantage of the open-hearth process is that chemical changes 
proceed in a very leisurely fashion, under close control, during a period of 
eight to ten hours. The steel is drawn from the furnace only when chemical 
analysis shows it to have precisely the composition desired. What the ojien- 
hcarth furnace lacks in speed it largely makes up in capacity. As much as 
125 tons of steel can bo produced in a single melting, as compared with a 
maximum of 20 tons for a Bessemer converter. 

As late as 1907, the Bessemer and open-hearth processes produced about 
equal quantities of steel; but at the present time the open-hearth produces 
almost SO per cent, the Bessemer process only about 20 per cent, and all other 
processes together less than 1 per cent of the total annual American produc- 



Fio. 117—Pouring molten steel from ladle into ingot molds. Open-hearth 

furnaces in background. 


tion of about 50 million tons of steel—almost three-fourths of the world's pro¬ 
duction. Open-hearth steel is now used almost exclusively for heavy rails, 
bridge girders, armor plate, and other products subject to sudden strains, but 
demanding cheaper production than is possible with the electric process next 
to be described. 

498. Electric Steel.—Whore a very tough, strong grade of steel, 
of absolutely -dependable quality, is required—as in the manu¬ 
facture of automobile engines, transmission systems, axles, and 
wheels—the electric furnace is pressed into service. This permits 
an even more careful and deliberate adjustment of the chemical 
composition of the finished product than is possible with the open- 
hearth method. A further advantage is that the operation is con- 
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ducted in a non-oxidizing atmosphere. Finally, the temperature 
is much higher than can otherwise be obtained, and certain ferro¬ 
alloys are so infusible that they can be prepared in no other way. 
The materials thus made available for refining secure a more 
complete removal of sulfur and phosphorus—the two most objec¬ 
tionable impurities in steel—than is possible by any other method. 


About half a million tons of stool are proparod in the United States each 
year in electric furnaces of the type shown in Fig. 1 18. Those are lined with 
a mixture of basic slag and magnesia. The charge is 15 or 20 tons of Bessemer 



Fig. 118.—An electric steel furnace. 


steel, taken directly from the converter. Enough basic slag is placed on top 
of the charge to cover the steel and exclude 1 air. Two or three enormous 
graphite electrodes—2 ft. in diameter and 10 ft long—are lowered through 
the cover of the furnace until they touch the layer of molten slag, and arc; then 
slightly withdrawn. 

499. Annealing, Hardening, and Tempering. —Iron, like car¬ 
bon, sulfur, phosphorus, and many other elements, exists in dif¬ 
ferent alio tropic forms, having distinct physical properties. 
The ordinary form of iron, the principal constituent of wrought 
iron, is soft, ductile, easily magnetized or attracted by a magnet. 
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It is called a-ferrite. When this is heated it passes through two 
different transformations, and above 920° becomes 7 -ferrite, 
which is denser, and non-magnetic. 

Now 7-ferrite can dissolve and retain up to about 2 per cent of 
carbon, as a homogeneous solid solution (§91) which goes under 
the name of austenite. But a-ferrite , the form of iron stable at 
ordinary temperatures, is unable to dissolve carbon, and if any of 
the latter element is present in the beginning it will crystallize out 
as the temperature slowly falls, in the form of an iron carbide, . 
Fe^C, called cementite. 

The properties of steel, therefore, depend both on its chemical 
composition and it« previous history—whether it has been cooled 
slowly or rapidly from a higher temperature. In the case of slow 
cooling, there is time for separation of crystals of cementite. 
Thus, heated steel containing about 1 per cent of carbon remains 
homogeneous (austenite) until the temperature has fallen to about 
725°. It then begins 1o segregate; and, if the cooling is sufficiently 
slow, will presently be transformed completely into a crystalline 
ground mass (sailed pearlite, with scattered areas of cementitb,'*^ 
Fe 3 C\ 

Steel which has thus been heated to a bright red heat and then slowly 
cooled is said to have been annealed. If it is not too coarsely crystalline, it will 
then have a considerable degree of softness and pliability, due to its chief 
constituent, a-ferrite. It will resist wear better than pure wrought iron, on 
account of the presence of crystals of a somewhat, harder material, cementite. 

If a steel is heated to bright redness and then cooled very suddenly, as by 
quenching in water or oil, it is hardened. The separation into a-ferrite and 
cementite does not have time to take place before the tcmjierature has fallen 
so low as practically to arrest, further movement of the atoms. The homo¬ 
genous structure of austenite * is retained to the very end; and we have a 
product, which is hard and brittle, partaking somewhat of the qualities of glass, 
itself a similar supercooled liquid, or solid solution. 

Tempering consists in reheating such a sample of hardened steel to a lower 
temperature, much below redness (200° to 850°), in order to encourage crys¬ 
talline growth, or permit a partial separation of cementite, or perhaps relieve 
the mechanical strains that are always set up on sudden cooling. The sample 
may thus lie given any desired degree of hardness, intermediate between that 
of fully hardened and that of fully annealed steel. If the percentage of carbon 

* Austenite is regarded as a solid solution of cementite in y-ferrite. Under 
the microscope, the solid solution is shown to exist in several conditions, which 
are called austenite, martensite, troostite, and sorbite. It. would take us too far 
into the field of Metallography to attempt to distinguish between these dif¬ 
ferent. metallographic constituents of steel, and the terra austenite will be 
used, somewhat erroneously, to signify any solid solution of cementite in iron. 
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in the steel is known, the general appearance of a brightly polished specimen, 
when examined with the microscope, will usually disclose the kind of heat 
treatment to which it has been subjected, and its most important properties. 

Wrought iron cannot be hardened or tempered, because it 
contains almost no carbon at all. 

In pig-iron, part of the carbon is present in solid solution (austenite) and 
the excess as graphite. White 1 cast iron is a nearly homogeneous solid solu¬ 
tion, and is accordingly hard and brittle, dray east iron, on the other hand, 
is softer and more malleable, because some of the earbon (with slower cool¬ 
ing) has separated as flakes of graphite, leaving a ground-mass of relatively 
pure iron. 

600. Case Hardening. —Whatever steel gains in hardness it 
loses in ductility. «It cannot well have the* qualities of super¬ 
cooled austenite and pure ferrite, both at the same time. r l hus, in 
fashioning such articles as axles for mil road cars, we find ourselves 
in a dilemma: strength and a certain degree of flexibility are 
needed, for without these qualities the axle will be broken by the 
continual violent jolting; but the bearing surfaces, where the axle 
passes through the wheels, must be hard, or they will be worn 
away very rapidly. 

The difficulty is met by using a strong and flexible mild (low- 
carbon) stool, which is given a very thin coating of hardened (high 
carbon) steel, by heating in a closed box containing charcoal, and 
afterward quenching in oil. The process is called case-hardening. 
A certain amount of barium carbonate is generally mixed with the 
charcoal; on being heated, this liberates CX)g, which then reacts 
with the hot carbon to form (X) (§ 334). 

It is carbon monoxide , and not carbon itself, which is the real 
hardening agent. This penetrates the hot steel to a certain dis¬ 
tance, and reacts with the iron to form cementite: 

2CO+3Fc«=* FeaC+COa. 

Since the reaction is reversible*, the amount of cementite produced 
will depend on the concentration of (X) available at any given dis¬ 
tance from the surface. Actually, the altered layer rarely exceeds 
the thickness of a sheet of paper. 

601. Alloy Steels. —In simple steels, the only elements alloyed 
with the iron are carbon and manganese (up to about 1.5 per cent 
of each). Phosphorus and sulfur should be less than 0.05 per cent 
each, as the foimer causes the steel to be brittle at room tempera- 
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lures and the latter at redness. Alloy steels are made by the addi¬ 
tion of other elements (or a high percentage of manganese) to 
simple steels. But if scavenger elements, such as Al, Si, Ti 
(§ 49(i), are added only in the amounts needed to remove dissolved 
gases, those elements are not found in the finished material, and 
the latter is not counted as an alloy steel. 

The properties of the alloy steels depend quite as much on 
heat treatment (hardening, tempering, and annealing) as on 
chemical composition. It is accordingly incorrect to state that 
one element produces a given effect on the mechanical properties 
of stool, and another element a different effect. In most cases, a 
desired result can be (jJ)tainod with several steels of widely different 
composition, by using the heat treatment proper to each. 

Manganese steel contains 11 to 14 per cent of manganese. It is almost 
completely non-magnet ic, in spite of the fact that it contains nearly 90 per 
cent of iron. When quenched in oil from a temperature of about 1000° C., 
it beeonies remarkably hard and tough, and very resistant to wear. It is 
used for railroad rails on curves, steam shovels, buckets for hoisting machinery, 
and the like. Its employment for such purposes on the Panama Canal 
shortened that work by years, and saved many millions of dollars. 

Chromium steel contains 1-1 to 2 per cent chromium. When annealed, it 
has much the same properties as manganese steel, but is more resistant to 
deformation by pressure. It is used for the jaws of rock crushers, and for ball 
bearings, safes, and tiles. 

Nickel steel usually contains about 0.25 per cent carbon and 2 to 4 per cent 
nickel. It has a greater tensile strength than simple steel, and resists cor¬ 
rosion better. It is used for wire cables, propeller shafts, bridge trusses, and 
bicycle frames. When tin* nickel is raised to 30 to 40 per cent, the steel becomes 
almost as rust-resist ant as monel metal (§ 525), and is used for pumps and 
valves for salt-water mams. A 30 per cent nickel steel, called invar, having a 
coeflieient of expansion scarcely more than zero, is used for pendulums and 
surveyors’ tapes. 

Ntckcl-chromutm steel contains these two elements in about the propor¬ 
tions in which they are used separately. By suitable heat treatment, this 
steel may be given a. wide range of toughness, hardness, tensile strength, etc. 
It is used for automobile parts, projectiles, armor plate, masts and spars. 

Chromium-vanadium steel contains about 1.0 per cent chromium and 0.15 
per cent, vanadium. It can be given the toughness of nickel steel, but has 
greater ductility, and can be bent double, when cold, without breaking. It is a 
favorite for manufacture of automobile frames and axles. 

Silicon steel (1 to 5 per cent. Si) is less easily broken by flexure than most 
steels of conspicuous hardness. It, is used ftir automobile springs and hack¬ 
saw blades. Its most important use is in electrical transformers, on account 
of the small amount of energy lost in its magnetization and demagnetization 
(low hysteresis). For/erro-silieon, see § 415. 

Tungsten steel (0.0 per cent C and 6 per cent W) is used for permanent 
magnets in small electrical generators and electric meters (high magnetic 
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retentivity). The famous “ Damascus blades ” of the Saracen Empire con¬ 
tained tungsten. 

Chromium-tungsten steel contains about 0.75 per cent C, 4.0 per cent Cr 
and 17 to 20 per cent W. Its hardness is no greater than that of good simple 
steel; but it is better suited for automobile valves and lathe tools, for it will 
retain its hardness or cutting edge even when raised to a red heat. This is 
presumed to be due to the formation of a hard carbide of tungsten and 
chromium, stable at high temperature. 

Various other alloy steels are occasionally used. Molybdenum, formerly ^ 
constituent of tool steels, is now chiefly used as a substitute for chromium- 
vanadium. Cobalt finds some use in tools for working some alloy steels that 
are top hard to be turned with ordinary tools. Pyrophoric alloys (§ 588) con¬ 
tain iron and cerium. 

502. Why Iron and Steel Rust. —The most serious defect of 
iron or steel is its liability to rust and corrode. The rate of 
destruction by rust and corrosion varies greatly with the composi¬ 
tion of the material and the conditions under which it is exposed. 
Wrought-iron pipes and nails have occasionally remained buried 
in moist earth for two or three centuries without much corrosion; 
but other samples, under apparently similar circumstances, have 
disappeared in a few weeks. Here is a problem worth careful 
study, for the total loss due to rusting, in the United States alone, 
probably amounts to several hundred million dollars each year. 

The nearly pure* iron prepared by electrolysis of a boiling solu¬ 
tion of ferrous sulfate will not rust if hung in pure distilled water. 
Ordinary iron will not rust in a dry atmosphere, or in the absence 
of oxygen, and will rust but slowly in the absence of carbon dioxide. 

From the standpoint of the electronic theory, the rusting of 
iron can be outlined in a very simple way: 

1. Objects exposed to air are always covered with an invisible 
film of condensed moisture, even though the air is not saturated. 

2- Iron is above hydrogen in the electrochemical series, and 
accordingly tends to lose electrons, and enter tin; solution as fer¬ 
rous ions. But if it is homogeneous, and if air is absent, an 
equilibrium is reached as soon as a very small quantity has dis¬ 
solved : 


Fe+2II+ <=± Fe+++2H 

ft 

H 2 


3. If there are foreign particles (graphite) in the iron, or even 
if it is mechanically strained, different parts of the surface hold 
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electrons with different degrees of tenacity. They therefore 
cannot all be in equilibrium with the solution at the same time. 
Some parts of the surface lose electrons or act as anodes; while 
others act as cathodes (§ 424). Thus we have an electrolytic 
process , favoring corrosion. 

4. Finally, if air is present, the ferrous iron which has been 
brought into solution is partly oxidized to the ferric condition;. 

4Fe + + + 02+2H 2 0 -> 4Fc 4 + + +401I-. 

It will be noticed that Ihis reaction tends to make the solution 
less acid. Thus, in the end, a precipitate is formc^i, of an extremely 
variable composition, consisting of a mixture of ferrous hydroxide, 
ferric hydroxide, and basic ferrous carbonate. In this way, 
equilibrium is prevented, and corrosion continues, as long as 
moisture anti oxygen are both present. Moreover, a little rust, 
once formed, tends to hold moisture, and thus accelerates corro¬ 
sion. 

603. Protection against Rusting. —The preceding statements 
indicate the nature of the measures that may be taken to protect 
iron or steel against rusting: 

1. The metal should be of uniform composition, homogeneous, 
and free from mechanical strains. 

2. It should be protected against stray currents of electricity. 

3. If its surface is bare it should not be in direct contact with 
carbon, copper, tin, or any other element below iron in the elec¬ 
trochemical series.. On the other hand, if it is in contact with 
zinc or aluminum, all the corrosion will fall on these two metals. 
This principle is sometimes employed in protecting boilers (§ 460). 

4. Water that is to be passed through iron pipes becomes less 
corrosive if its dissolved air is first removed, by heating, or other¬ 
wise. 

5. Where the cost is not too great, steel may be made more 
resistant to corrosion by alloying with nickel (§501). A few 
hundredths of one per cent of copper is a protection to sheet steel, 
for reasons not yet well understood. 

6 . Where permissible, the surface should be covered with a 
water-tight coating. This must be in actual contact with the 
iron, if the film of moisture responsible for corrosion is to be 
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excluded. It follows that the surface to be protected must be 
thoroughly cleaned, and free from rust. 

The protective coatings commonly used on iron and steel fall into four 
classes: 

1. Paints, rartiishes, and lacquers. Some common paints for iron ami steel 
are asphalt; linseed oil and red lead (§ 57SJ; ocher (— ferric oxide, § 490); 
graphite paint; vaseline or lubricating oil. 

2. Enamels. These are usually highly fusible glasses, containing boric* 
oxide. 

3. Metallic coatings. Nickel and copper are deposited on flic' iron or steel 
surface by electrolysis; zinc, lead, aluminum and tin, l>\ dipping iron in a 
molten bath of the other metal. Zmc lies above iron in the replacement series, 
and serves as an absolute protection to the iron, as long as nn\ part of the 
surface of the latter remains covered. Tin and lead lie below iron; and if the 
covering is perforated at any point, the iron beneath Vehav (s as an ai.ode, and 
corrosion there may go on faster than if the iron were entirely bare. 

4. Coatings produced bv alteration of the surface of the iron itself. Some¬ 
times the metal is given a closely adherent black film of n agnelic iron oxide, 
by exposing it to superheated steam [Hussion iron). In the 1’arker process, 
the steel is dipped for a short time into a boiling, strongly alkaline, solution 
of sodium phosphate. This covers the surface with an almost invisible gray 
coating, presumed to be a basic iron phosphate, llifles are commonly treated 
in this way; and many typewriter and automobile parts are so 1 rented pre¬ 
vious to enameling. 

A similar invisible coating, of a very temporary nature, may be obtained 
by dipping sheet iron into concentrated nitric acid. A violent action takes 
place for a few moments, then suddenly stops. Jf <lie metal is then gently 
rinsed in a plentiful supply of water, it is found to be imssirc: it will no longer 
dissolve in dilute acids, and will precipitate copper from copper sulfate solu¬ 
tion only very slowly. That this protection is due to a superficial coating is 
shown by the fact that the passivity may be destroyed by a sharp blow or 
by scratching. It is presumably caused by a layer of adsorbed oxygen, per¬ 
haps but one atom deep, over the entire surface of the metal. 

604. Ferrous and Ferric Salts. —Ferrous salts are usually 
greenish, and dissolve to form almost colorless solutions. Ferric 
salts are reddish and dissolve to form yellowish solutions. 

Ferrous salts can be oxidized to the ferric condition by nitric 
acid, chlorine, or bromine; or by potassium dichromate and per¬ 
manganate in the presence of an acid: 

FeCfe+HNQs+IICl Fen :j +II 2 0+N0; 

FeS 04 +Br 2 +11gSC >4 —> Fe:>(S().i):}-f-lIRr. 

Balance by the method of § 135. Formulate also in terms of ions. 

Ferric salt'- can be reduced to the ferrous condition by hy- 
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drogen sulfide, stannous chloride, nascent hydrogen, or metallic 
iron: 

F(* 2 (S< > 4 ) 3+1128 -> FeS0 4 +S+H 2 SO 4 ; 

FoCla+Fo -> F 0 CI 2 . 

Balance. Formulate also in terms of ions. 

Ferric salts are more readily hydrolyzed than ferrous salts; 
for Fe(OH);j is a less active base than Fe(OH) 2 . 

Ferrous iron is detected by the fact that it gives a blue color 
with potassium ferriryanidc, K:d'V u (('N)c,. Ferric iron gives the 
same blue color (Pfussian blue) with potassium ferrocyanide, 
KiKe+rNh,. Note that each species of iron is tested for by the 
use of a reigent which itself contains iron, but of the other valence. 

A still more delicate reagent for ferric iron, in the absence of 
nitric acid, is potassium sulfocyanatc. This develops the 
intense red color of ferric sulfocyanate (or thiocyanate): 


Fe('1 ;{ +3K( 'NS = F<*(CNS) 3 +3KC1. 


605. Some Compounds of Iron .—Ferrous sulfutc, FeS 04 - 7 H 2 0 , is occa¬ 
sionally used instead of alum for clarifying water. It is employed to some 
extent as a weed killer, and as a mordant in dyeing. It is a constituent of 
most of the writing fluids that write him* and turn black. This change is due 
to oxidation by the air Tin* ferric salt thus produced then reacts with 
tannic acid present in the ink to form black ferric tannatc. 

Ferric alum, Ivl'V^St) 4 ) 2 121i 2 () is occasionally used as a substitute for 
ordinary alien, an aluminum salt of corresponding formula. 

Potassium ferrocyanide (§ d.'JS) K,l’V(t'N)e, is made by fusing potassium 
carbonate with iron filings and nitrogenous material (dried blood, hair, or 
leather scraps). When the product is extracted with water, and the extract 
evaporated, the salt s*parat.es as beautiful lemon-yellow crystals (yellow prus- 
siate of potash). It is almost non-pnisonous in spite of its content of cyanogen. 
It is used for the preparation of potassium cyanide and in ease-hardening 
t, § odd); and in the laboratory as a test for ferric iron. 

Potassium ferricyanide, K, t Fc(ON)r„ is made by oxidizing potassium ferro- 
cyanide with chlorine. It crystallizes in red prisms (red prussiate of potash), 
and is intensely poisonous. It is used in the preparation of blue-print paper 
and in the lalwiratory as a test for ferrous iron. 

Blue-print paper is made by treating one side of any tough, well-sized 
paper with a mixture of ferric ammonium citrate and potassium ferricyanide. 
Light causes the ferric iron of the ferric ammonium citrate to la* reduced (the 
citrate radical being oxidized). The ferrous iron thus produced at once reacts 
with the potassium ferricyanide to form a blue precipitate. 
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EXERCISES. 

1. What percentage of iron is contained in an iron ore, containing 40 per 
cent hematite and 00 per cent limestone? 

2. What weight of quartz is needed to slag off the ganguc in the preceding 
ore, assuming the only product to lie calcium metasilicate. 

3. What are the chief differences in chemical composition, physical prop- j 
erties, and uses between pig iron and wrought iron? Between mild steel and 
hard steel? 

4. Write and balance equations for: 

(a) Reduction of hematite in several successive stages. 

■ (b) Slag-formation in a blast -furnace. 

(c) Reactions taking place in a blast-furnace. 

(d) Removal of carbon from pig iron, in the prediction of wrought iron. 

(c) Deoxidation of steel by a manganese-iron alloy. 

(/) Removal of dissolved carbon monoxide from open-hearth steel by 
metallic aluminum. 

5. Row is wrought iron converted into steel? Explain what happens when 
hardened steel is annealed. 

0. Explain case-hardening. Calculate the ]>ereentage of carbon in 
eementite. 

7. Explain why surveyors’ tapes rarely rust; and when rust dot's develop 
it usually appears where the tape has been spliced, or around one of the rivets 
used to mark distances. 

8. Four strips of iron are half coated, respectively, with zinc, tin, load, 
and copper. Which will rust more rapidly and which less rapidly than similar 
sheets of bare iron, when submerged in water. Explain. When rusting takes 
place show r the direction of transfer of electrons through the metal. 

9. Name throe different advantages to be obtained by the use of nickel 
steel in boiler tubes. 

10. Specifications for an eaves gutter state that it shall be of sheet zinc, 
free from cadmium; that the individual lengths shall be connected by crimping, 
and not by soldering; and that strips of waterproof wood or fiber shall be 
placed between the under surlace of the zinc and the supporting iron brackets. 
Explain the need for these precautions. 

11. Would you expect a sample of hardened steel to be more or less sub¬ 
ject to corrosion after annealing? Explain. 

12. What kind of special steel do you think would serve best in each of 
the following situations? Shaft for a steam turbine; recoil springs for a 
machine gun, needle for a mariner’s compass, chains to travel through a furnace 
in an automatic stoker, drum for a concrete mixer, razors, rivets. 

13. What successive steps are necessary in converting pyrite into ferrous 
sulfate, on a laboratory scale? Write and balance equations. 

14. What successive steps would you use in converting metallic iron into 
ferric alum, on a laboratory scale. Write equations. 

15. How, and under what, conditions, do the following act upon iron? 
What are the products in each case? Water, copper sulfate, dilute sulfuric 
ucid, concentrated sulfuric acid, aqua regia, chlorine, sulfur, carbon. 

10. Write and balance equations for the oxidation of ferrous sulfate to 
ferric sulfate, in the presence of sulfuric acid, by potassium permanganate 
and potassium dichromate, respectively. 
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Since iron is in the eighth, or transition, group of the periodic 
tabic*, the elements which it most closely resembles are found in 
adjacent positions int the same horizontal row of J,he periodic table, 
rather than in the same vertical column (§ 411). Its nearest rela¬ 
tives are, in fact, chromium and manganese on the left, and cobalt 


and nickel on the right: 



Group V1B 

VIIB 

VIIIB 

Element Cr 

Mn 

Fe Co Ni 


CHROMIUM 

606. Occurrence and Metallurgy of Chromium— The most 
useful chromium ore is chromite or chrome iron ore, Fe(Cr 02 ) 2 » 
otherwise written as a combination of ferrous and chromic oxides, 
FeO • Cr 203 .* Most of the small amount of chromite mined in the 
United States comes from California and Oregon. The most 
important deposits are found in British South Africa, Portuguese 
East Africa, New Caledonia (a large island lying northeast of 
Australia), and Greece. Small amounts of chromium are found 
in a great many other minerals, and are responsible for the red 
color of the ruby (essentially AI2O3), as well as the green color of 
the emerald (a beryllium aluminum silicate, § 585). 

Most of the metallic chromium used in the industries comes 
upon the market as ferrochrome, an iron alloy containing about 

* This formula is really based upon the old-fashioned dualistic theory that 
salts are compounds of basic oxide (FeO) with acid anhydride (Cr 2 0 3 ). Since 
Cr-Ai is more basic than acidic, the formula FeO • Cr 2 Oa indicates to a chemist 
of to-day merely that chromite is a compound of iron, chromium and oxygen, 
in' which the iron is bivalent and the chromium trivalent. On the other 
hand, the formula Fe(CrOj)j indicates more clearly that, the mineral is prob¬ 
ably ferrous chromite. 
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60 to 70 per cent chromium and 1 to 8 per cent carbon. This is 
prepared by reducing chrome iron ore with carbon in an electric 
furnace. For the manufacture of chrome steel with a low per- 

centage of carbon, it is 
necessary to use ferro- 
chrome that has been 
reduced by the thermite 
process (§ -178). (Explain 
why.) 

A considerable amount 
of chromite ore is also 
concerted directly into 
chromates by fusion with 
lime and sodium carbon¬ 
ate (§ 510). 

507. Properties and 
Uses of Chromium.— 
Metallic chromium has a 
brilliant silvery luster, 
and fails to tarnish even 
in moist air. It is very 
hard, but brittle. Its 



Fig. 119.—Cross-section of an electric furnace 
for producing ferro-chrome and oilier ferro¬ 
alloys. Powerful electric arcs arc struck, 
in the midst of a charge of coke and ore, 
between huge graphite electrodes and a pool 
of molten metal. 


chief use, in the form of 
ferro-chrome, is for toughening and hardening steel, but it forms 
hard and strong alloys with nickel, cobalt and copper. Especially 
interesting are the; Ni-Cr alloys, nichrome and illium (§ 525), and 
the Oo-Cr alloy, stellite (§ 520). 

Chromium salts arc used in tanning hides into leather, and 
“ chrome yellow ” (lead chromate) is an important yellow paint 
pigment (§ 554). 

Chromic oxide is used as a green pigment, in coloring china- 
ware and porcelain. (liven paints containing chromium are 
usually mixtures of “ chrome yellow ” with “ Prussian blue ” 
(§ 504). 


The mineral chromite (§ 506) is sometimes molded into bricks, to 1m* used 
as an intermediate neutral lining between the outer (silicious) and the inner 
(basic) lining of open-hearth furnaces (§497). .Being .highly infusible (in. p. 
above 2000° C.) and indifferent to both bases and acids, it serves very well 
to prevent the other two linings from reacting together to form fusible 
silicates. 
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508. Valences of Chromium. —As a metal, chromium resembles 
iron in forming two series of salts, in which its valence is respect¬ 
ively two and three: 


(V'( T> 

C'hromoui t hlund 

Cr Tl ((\.TT. { 0,) L . 

Cliromous :k i-liitc 

Cr"SOi 

Chromou' Milhitc 


(Y n n :{ 

Chi (nine rliloi idp 

CV u (<bTI:<<U):i 

Chromic ucctati* 

fV ,, (S() 4 ) 3 

('liromic .sulfate 


But chromium may enter a non-metallic radical with a valence 
of s/.r, to form chrbtnates or dichromates (§ G‘J0): 


NaaCr'H), 

Siiilmni chroin.iti 


NaoC'r/'Or 

Soflium ilicliroinatc 


Corresponding to the above three valences of chromium, we 
know the oxides CrO, Cr 2 0;; and CrO.;. Thus, the cliromous and 
chromic salts and the chromates (or dichromales) are sometimes 
said to represent three different stages of oxidation of chromium. 
Chromous salts are easily oxidized to chromic salts, and the latter 
to chromates or dichromates.* Conversely, chromates or dichro¬ 
mates, when reduced, give chromic salts; and, with very vigorous 
reducing agents, eventually chromous salts. These change's in 
valence are always signalized by changes in color in the solution 
containing the chromium compound that is being oxidized or 
reduced. 

Oxidation 

-v 

2 ;t 6 6 

Valence oT Or ( Mm minus sails T-- (Mimmie salts Chromates or dichromates 

Color ol'solution blue green or violet yellow orange 

< — 

Reduction 


509. Chromous and Chromic Salts. -1. Chromous salts, with 
chromium bivalent, may be prepared by reducing chromic salts 
(or a dichromatej with zinc and hydrochloric acid: 

2 CrCl : j+Zn = 2CrCl 2 +ZiiCl 2 . 

* Chromates are formed in neutral or alkaline solution, and dichromates 
in acid solution. 
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Give an ionic formulation of this reaction. Give molecular and ionic 
formulations of the reduction of potassium dichromate to chroinous chloride, 
by zinc in hydrochloric acid solution. 

The ehromous salts are powerful reducing agents, more active 
by far than the corresponding ferrous salts (§ 504). 

2 . Chromic salts, with chromium trivalent, may be prepared 
by reducing chromates or dichromates, with hydrogen sulfide, 
alcohol, or other reducing agents: 

K 2 Cr0 4 +H 2 S+IICl -> Cr01 3 +KCl+H 2 0+S. 

Yellow Green 

K 2 (> 2 07+( , 2 H 5 0TH-IIC1 -* CrCla+KCl+CH.-iC^HO+IIaO. 

Orange c 

Balance these formulations (§135). In the second equation there is a 
change in the apparent valence of carbon from —2 to 0.* 

Rewrite both of the balanced equations in ionic form. 

Chromic salts behave in the same way as aluminum salts 
(§ 480), when treated with most reagents. Thus, hydrogen sul¬ 
fide, in acid solution, has no action. Ammonium sulfide, ammo¬ 
nium hydroxide, or sodium hydroxide, precipitate chromic hydrox¬ 
ide, Cr (OIi) 3 , which redissolves in an excess of cold sodium hydrox¬ 
ide solution. 

Write ionic equations, to illustrate. 

Solutions of chromic salts, like those of aluminum salts, have an 
acid reaction, due to partial hydrolysis. This fact is applied in 
tanning hides into leather (§ 118). Sodium dichromate, also, is 
frequently used in tanning, for it is reduced to the chromic condi¬ 
tion (Cr 111 ) by the organic matter present in the hide. 

510. Preparation of Chromates and Dichromates.—Chromates 
of the alkalies are yellow crystalline salts, soluble in water. They 
arc prepared: 

1 . Commercially, by heating powdered chrome iron ore with 
sodium hydroxide (or a mixture of sodium carbonate and lime). 
Oxygen is absorbed from the air. 

2. In the laboratory, by oxidizing chromic hydroxide in alkaline 
solution (i.e., sodium chromite, Na 2 Cr0 2 ) with sodium peroxide. 
Sodium hydroxide and sodium chromate are produced. 

* Apparent valence, obtained by the arbitrary rule that makes hydrogen 
always positive and oxygen always negative (§ 120). Disregarding signs, the 
valence of carbon, in nearly all organic compounds, is four (§ 342). 



CHROMIUM 


523 


Write and balance this equation. What other hydroxide, otherwise very 
similar to chromium hydroxide, fails to be thus oxidized? 

Dichromates are formed by addition of acids to chromates: 

2 Na 2 Cr 04 +H 2 S 04 = Na 2 Cr 2 0 7 +Na 2 S0 4 +H 2 0. 

The transformation is accompanied by a striking color change, 
since all chromate solutions are yellow, and all dichromate solu¬ 
tions are orange. 

Express this last statement in terms of the ionic theory. 

511. Properties of Chromates and Dichromates. — 1 . Chro¬ 
mates and dichromates, in dry form, react violently with easily 
oxidizable substances, being reduced to chromic oxide. 

Write and balance equations for the reduction of sodium chromate by 
carbon, ammonium chloride, cane sugar, metallic iron, aluminum, and red 
phosphorus. The sodium will appear among the reaction products as a 
sodium salt (sodium chromite as a last resort). 

2. When concentrated sulfuric acid is added to a concentrated 
solution of a chromate or dichromate, beautiful dark needles 
of chromium trioxide, CrOa, separate out: 

K 2 Cr0 4 + 2H 2 S0 4 = 2 KHSO 4 + CrC >3 J, +H 2 0. 

Chromium trioxide may be considered as the anhydride of the 
hypothetical chromic acid, H 2 Cr 04 . Distinguish carefully between 
chromic oxide, Cr 2 (>3 (green powder) and chromium trioxide, 
CrOs (red needles). 

3. Dichromates, in acid solution, are vigorous oxidizing agents. 

Write equations for the oxidation of ethyl alcohol to acetic acid, hydrogen 
Bulfide to sulfur and water, hvdriodic acid to iodine, phosphine to phosphoric 
acid, and ferrous sulfate to ferric sulfate—all by means of potassium dichro¬ 
mate in sulfuric acid solution. Balance (§ 135). 

Translate these five equations into ionic form (§ 27(1). 

612. Tests for Chromium. —1. The presence of chromium in a 
solution is very frequently indicated by the change in color which 
chromium compounds undergo on oxidation or reduction. When 
in the chromic condition (valence three) chromium is usually 
separated, along with aluminum, by precipitation with ammo¬ 
nium hydroxide, and recognized by the yellow color (sodium 
chromate) which is developed on oxidizing the precipitate with 
sodium peroxide (§§ 510-2). 

2. Chromium in the chromate condition (valence six) gives a 
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yellow crystalline precipitate of lead chromate, PbCYQi, when 
the solution is tested with lead acetale. 

3. If a chromate* or dichromate solution is acidified with dilute 
sulfuric acid and shaken with a solution of hydrogen peroxide, a 
blue coloration, readily soluble in ether, is produced. This is 
presumed to he due to perchromic acid, lKVOj, i.e., to chromium 
in a valence of seven. The blue substance is exceedingly unstable, 
and loses oxygen at room temperature; the color consequently 
disappears in a few minutes, leaving a chromic salt in solution. 


MANGANESE 

« 

513. Occurrence of Manganese. —Manganese occurs in traces 
in most soils and in the ashes of many plants. The most important 
manganese mineral is pyrolusite, or manganese dioxide, AlnOj. 
The most important deposits of pyrolusilo are in Rrazil, Russia, 
and India. The demand lor manganese for the production of steel 
became so great during the progress of the (5real War that the 
United States, in a single year (191b), imported nearly half a mil¬ 
lion tons of manganese on* from Hrazil alone. A great deal of 
spiegeleisen (§ I9(i) and manganiferous pig-iron is also smelted 
in the United States, directly from manganese iron ore containing 
from 1 per cent to 2o per cent manganese. Silver ores and zinc 
ores (§ after being smelted, leave residues which furnish 

notable amounts of spiegeleisen. 

614. Preparation and Properties of Metallic Manganese.— 
Manganese-iron ores can be reduced in a blast furnace under care¬ 
fully regulated conditions, for the production of ferro-niangano.se 
and spiegeleisen. High-grade manganese ores are sometimes 
reduced by carbon in an electric furnace. To prepare the pure 
metal, free from carbon, it is necessary to resort to the thermite 
process, as in the case of chromium (§§ ITS, 50(1). 

Pure manganese is a hard but brittle metal, which resembles 
iron very closely in its general appearance. It is much more 
readily oxidized than iron, however, and decidedly more active 
chemically, as is indicated by its position in the electro-chemical 
series (§ 422). 

615. Uses of Manganese. — (I) Most of the manganese ore 
mined is used in the steel industry. (2) A very large quantity of 



MANGANESE 


525 


manganese dioxide is now used in the manufacture of dry cells, as 
a depolarizer (§ 423). (3) Manganese forms many useful alloys 

with copper and nickel. Manganin wire; is used for electrical 
resistance-coils. Though it contains about 80 per cent copper 
(10 per cent Ni, 10 per cent Mil), its resistance is nearly thirty 
times that of pure copper, and is very much more nearly constant 
with changing temperature. 

516. Valences of Manganese.— Review § 508. Manganese 
shows an even greater versatility than chromium in changing 
valence in the presence of oxidizing and reducing agents. Com¬ 
pounds are known in which the element has the valences two, three, 
four, live, six and saven. But whereas with chromium the stable 
and important compounds are those in which the metal has the 
valences three and six, with manganese the most noteworthy 
valences are two and seven. 

Compare the formulas: 


CVTT. 

Cr-'Ch 

NioCVT), 

11 Cr VII 0 4 

( 'hi 011101115 

Chromic 

Sodium 

IVi ■■In mini 1 iii-ul 

chloride 

chloride 

chromate 

(.uiihlublr) 

Mn n C’L> 

Mn n, Cl ; { 

N:r>Mn VI Oi 

lIMn vll () 4 

Mluminous 

M iiifrnTMi 

Si nil IIHI 

Permanganic 

chloride 

i hhii nh- 

lii.iiiKiiuatc 

acid 


< uiixUtblo i 



Here again. 

the changes in 

valence are 

marked by striking 

changes in color 

I 




Oxidation 



•> 

(i 

7 

Calmer of Mil 

Manganous : 

salts Manganates < - Permanganates 


Color of Solution pink green purple 

(or colorless) 

Reduction 


617. Manganates and Permanganates.—Manganates are pre¬ 
pared by fusing manganese dioxide with oxidizing agents, in the 
presence of alkali: 

KOU+MnOo+KClOa — KoMnO^+IIoO+KCl. 

Potiisiium 

muiiKuiuito 

Balance this equation. 

Manganates are stable only in the presence of alkali. If an 
acid is added, even so inactive a one as carbonic acid, the color 
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of the solution changes from green to purple, owing to the forma¬ 
tion of a permanganate, and a brown precipitate of hydrated man¬ 
ganese dioxide appears: 


3I\.2Mn04+2H2C03 —► 2KMn04-j-Mn02~|~2K2C03-f-2H20. 

Potassium potassium 

manRanatc Pcrmanganatr 

(grei'u) (purple) 


Or, the reaction may be explained by assuming that the potassium 
manganate is hydrolyzed, and that the product, H 2 Mn 04 , then 
decomposes. 

Give molecular and ionic formulations of the hj'd^lysis. 

Permanganates are important oxidizing agents. In acid solu¬ 
tion they are reduced to manganous salts; in neutral or alkaline 
solution, to MnOo: 

KMn 04 + FeSQj-f-H 2 SO 4 —* Fe 2 (S() 4 ) 3 -j-K 2 S 04 -|-MnS 04 --|-H 20 ; 

KMn0 4 + C 2 II 5 OII -> K(%H 302 +K 0 H+Mn 02 +H 2 0 . 

Balance these two equations. 

Rewrite them in ionic form, and explain the first as a transfer of electrons. 

If we were oxidizing ferrous sulfate in dilute solution, how could we tell 
when enough potassium permanganate solution had been added? 

What weight of potassium permanganate must lie taken to prepare a liter 
of N/10 solution (§ 175), which is to be used for oxidation purposes in the 
presence of an acid, and in presence of a base, respectively? 


518. Tests for Manganese. —(1) When a trace of a man¬ 
ganese compound is fused on a platinum foil with sodium carbonate 
and a little potassium nitrate, a green color is developed. 

To what is this color due? 

If manganous sulfate were the substance tested, what would become of the 
sulfate radical during fusion? What gaseous product would be formed? 
Write and balance equation. 

(2) When a manganese compound is boiled with dilute nitric 
acid, in the presence of powdered lead dioxide, it is oxidized by the 
latter to permanganic acid. This imparts a purple color to the 
solution as soon as excess of lead dioxide has settled out. The 
test is an exceedingly delicate one: 
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Mn(N0 3 )2+HN0a+Pb0 2 -> HMnO 4 +Pb(Na02+H 2 O. 

Purple 

Balance this equation. 

Iiulides must be absent. Why? llow can they be removed if present? 

Lead dioxide sometimes contains manganese dioxide as an impurity. How 
could this be detected? 

A very similar reaction takes place when sodium bismuthate,* 
or ammonium persulfate, (NTU^f^Os, with a little silver nitrate a§ 
catalyzer, is added to a solution of a manganous salt in nitric acid. 
The reaction with sodium bismuthate takes place in the cold, and 
in a boiling solution Mn() 2 is precipitated. With persulfate, the 
reaction is best accomplished in a warmer solution, and Mn0 2 is 
precipitated unless tjie catalyzer is present. 

Balance the equation: 

MiUN0 1 ),+(NH 4 HS 2 0 ll + ll s 0 —>IIMu()4+(NHdaSO«+-II,S0 4 +HN0.. 


EXERCISES. 

1. Write equations for the reduction of chromite and pyrolusite by the 
thermite process. 

2. Write and balance equations for the action of potassium dichromate 
and potassium permanganate on concentrated hydrochloric acid. 

3. Givi* an ionic equation for the reduction of chromic chloride to chromous 
chloride by metallic zinc, in hydrochloric acid solution. Explain as a transfer 
of electrons. 

4. Write equation for the preparation of potassium dichromate from 
potassium chromate, in the presence of hydrochloric acid. Express this in 
ionic form. 

5. What happens when a solution of sodium chromate is treated with each 
of the following: dilute sulfuric acid, hydrogen sulfide, barium chloride, lead 
acetate? Express by ionic equations. 

(i. How may sodium manganate be prepared from manganese dioxide? 
W hat is the color of this salt? Ender what conditions is it stable? How may 
if be transformed into sodium permanganate? 

7. Write equations for the oxidation of hydrogen sulfide, ferrous sulfate, 
oxalic, acid (to carbon dioxide) and nitrous acid (to nitric acid) by potassium 
l>erniangunatc in acid solution. Balance. Which element is oxidized and 
which reduced in each ease? 

S. W'rite an equation for the oxidation of chromic hydroxide to sodium 
chromate by sodium peroxide, the other product beiug sodium hydroxide. 
Balance. 

9. Write and balance equation for the decomposition of ammonium 
dichromate by heat, the products being chromic oxide, water, and nitrogen. 
W r hat weight of ammonium dichromate is needed to prepare 44.8 cc. of nitro¬ 
gen at standard conditions? 

* The material called sodium bismuthate is really a mixture containing 
Na 2 C) and BiO a in variable proportions. 
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COBALT AND NICKEL 

, 619. General Properties of Nickel and Cobalt—1 . Cobalt and 
and nickel resemble iron in being mucli more magnetic than other 
elements. Indeed, an alloy of cobalt, and copper may be mag¬ 
netized as intensely as iron itself. 

2. Cobalt and nickel, unlike iron, are not rusted in moist air, 
and oxidize only at high temperatures. 

3. The order of the metals of the iron family in the electro¬ 
chemical series is Mn, I'o, Co, Ni. Thus, cobalt and nickel are 
less readily dissolved by acids than is iron, and alloys of cobalt 
and nickel with other metals an* more resistant still. 

4. The atomic numbers of the metals of the iron family place 
them in the same order in the periodic system as in the electro¬ 
chemical series.* Indeed, the chemical properties of cobalt are 
roughly intermediate between those of iron and nickel. Cobalt, 
like iron, forms a number of salts in which it has a valence of three, 
while nickel does not. 


Order of decreasing stability 

Ferric Milts ('obalhc sails 

stable unstable 


N i dr he salts 
non-existent. 


The ordinary valence of cobalt and nickel is, however, two. 


COBALT 

620. Metallic Cobalt and Its Alloys. —Cobalt is found as an 
arsenide or sulfide, in association with nickel and other metals. 
From such ores, nickel and cobalt are separated together by a 
roasting and reduction process presently to be described (§ 523). 

Metallic cobalt is a bright silvery metal with a slight bluish 

* This is one of the throe instances in which the order of atomic weights is 
not the same as the order of atomic numbers. 
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cast. It is not easily oxidized or tarnished, or corroded by acids, 
but is less abundant than nickel, its nearest rival, and is somewhat 
less brilliant. The most important cobalt alloy is stellite (Co, 
75 per cent; Cr, 16.5 per cent; small amounts of W or Mo, Ni, Fc, 
C, Si). This is not only very resistant toward acids, but is hard 
and tough enough to hold a cutting edge. It is used for cutlery 
and surgical instruments; and even for lathe tools, in competition 
with tungsten steel (§ 501). 

521. Compounds of Cobalt. —A blue glass, known as smalt, is 
made by fusing sand with potassium carbonate and a little cobalt 
oxide. This has boon list'd since ancient times for coloring ceramic 
products. Another blue pigment, cobalt aluminate, has already 
been mentioned as the product of an analytical test for aluminum. 

Cobalt chloride, Co(\*-OH 2 O, crystallizes in red prisms, which 
turn blue when dehydrated by heating. This is the secret of the 
so-called sympathetic inks. 

A mixture of the oxides of cobalt, copper, manganese, and 
sometimes silver, known as hopcalite, is used in gas masks as a 
catalytic agent to bring about the oxidation of carbon monoxide. 
This gas is not appreciably removed by ordinary absorbents 
(activated charcoal and silica jelly). 

Salts with cobalt, in a valence of three are not very stable, unless 
cobalt enters into a complex ion (§ 5)16). An example of such a 
substance is potassium cobalt icyanide, K ; jCo(CN)fi, analogous to 
potassium ferrieyanide. Chemists are interested in the fact that 
cobalt (and, to a less extent, nickel) form many complex com¬ 
pounds with ammonia and cyanogen. These furnish the best- 
known inorganic illustrations of isomerism- the existence of com¬ 
pounds with identical empirical formulas, but differing in chemical 
properties because of differences in the arrangement of the atoms 
within their molecules (§ 342). 


522. Analytical Tests for Cobalt. —In analytical chemistry, 
cobalt is detected by the blue color that it imparts to the borax 
bead (cobalt metaborate, Oo(BOo) 2 ), and by the yellow precip¬ 
itate (potassium cobaltinitrite, K;((\)(NO-j) c ) that it gives with 
potassium nitrite in acetic acid solution. Cobalt salts also give a 
precipitate with jS-nitrosophenol. Otherwise, the reactions of 
cobalt are very similar to those of nickel and ferrous iron. 
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NICKEL 

523. Occurrence and Metallurgy of Nickel. —Most of the nickel 
now produced conies from the Sudbury district, Ontario, Canada, 
where it occurs as a sulfide associated or combined with copper 
sulfide and iron sulfide. Minor deposits of nickel ores are found in 
New Caledonia, Norway, and Germany. The world now pro 
duces about 40,000 tons of nickel (pure or in the form of alloys) 
each year. About a thousand tons of this comes from the United 
.States, where it is obtained as a by-product of the electrolytic 
refining of copper (§ 531). 

The metallurgy of nickel is extremely complicated. The 
process begins with the roasting, or partial oxidation of the sulfide 
ores, by a blast or air in the presence of silica in a Bessemer con¬ 
verter. This removes much of the iron as iron silicate (details in 
§ 530). The result is a purified copper-nickel sulfide, or matte. 

In the Canadian process, the matte is mixed with sodium sul¬ 
fate and partially reduced with carbon in a small blast furnace: 

Na 2 S 04 +C-*Na 2 S+C 0 } . 

The molten product is drawn off into ladles, in which it forms two 
layers, the lower one largely Nitt, the upper one largely a solution 
of CuS in Na^S. When the material has solidified, the two layers 
are separated, and the lower layer roasted and reduced with coke, 
above the melting-point of nickel (1450° C.). The molt,(in metal 
tapped from the, furnace is cast into anodes for electrolytic refining 
or deoxidized with manganese or magnesium to produce malleable 
nickel. 

524. Properties and Uses of Metallic Nickel.— Met allic nickel 
is extremely hard, brilliant, and resistant to the action of the 
atmosphere and acids. For this reason other metals are fre¬ 
quently protected by nickel-plating. 'The process is similar to 
that described for copper in § 533. 

Ordinary nickel cannot be rolled or drawn into wire, on account 
of the presence of small amounts of oxide, which tend to render 
it brittle; but if it is deoxidized just previous to casting, by the 
addition of a few per cent of metallic magnesium or manganese, 
it becomes malleable and ductile. In the laboratory, nickel 
crucibles are often used for fusing chromite and other minerals 
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with the caustic alkalies. Platinum would be ruined by such 
uses. 


Other important uses for metallic nickel are as a catalyzer in 
the hydrogenation of oils (§ 7f>); as spark terminals in ignition 
systems (in competition with tungsten); and in radio-amplifiers. 
Nickel and nickel oxide are used in the Edison storage cell; and 
nickel oxide is a constituent of the “ under-body,” or first coating, 
in enameling steel. 

525. Nickel Alloys. —No other metal forms so great a number of 
useful alloys as nickel. These are as brilliant in luster as nickel 
itself, even more resistant to corrosion, and have high melting- 
points, high elect? icjfl resistance, and other valuable properties. 

The nickel alloys fall into five groups: 

1. Nickel Steel.— About tit) per cent of all the nickel now pro¬ 
duced goes into nickel steel. We have already mentioned the 
extraordinary resistance of this material to corrosion, and the fact 
that its rate of expansion with changing temperature (invar, 
§ 501) is extremely slight. 

2. Acid-resisting Alloys. —The most important of these is monel 
(Ni, 07 per cent; (Hi, 28 per cent; small amounts of Fe, Mil). 
This is used for dipping baskets, to contain small castings to be 
pickled in acid, preparatory to nickel plating, for acid pumps, 
et c. The high-pressure steam pipes on many American warships 
are fitted with monel-metal valves. In the chemical industries, 
cloth woven of monel wire is sometimes used in filter presses for 
filtering acid liquors. Monel-metal fly screens, for doors and 
windows, may be left exposed to the weather the year around, 
without corroding. 


With a much lower percentage of nickel (10 per cent, to 40 per cent.) wo 
have a series of enpro-nichel alloys which are quite resistant to corrosion, and, 
when deoxidized with magnesium or copper-manganese alloy, are extraordi¬ 
narily malleable and ductile. Such an alloy is used for condenser tubes and 
feed-water heaters on the vessels of the Tinted States Navy, and for bullet 
jackets in small-arms ammunition. 

Another important alloy of this class is illium (Ni, 01 per cent; Cr, 21 
per cent; Cu, 6 per cent; Mo, .5 per cent; small quantities of Fe, Al, W, Si 
Mn). This may be turned in a lathe. It is used for calorimeter bombs 
(§ 332), a situation in which a metal is exposed to the destructive action of 
compressed oxygen at a high temperature. 

Still another very promising acid-resisting alloy contains niekel, with 
10 per cent to 18 per cent tungsten. This is sufficiently malleable to be rolled 
into sheets. 
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3. Electrical Resistance Alloys.— Many alloys of nickel with 
chromium, copper, iron, or manganese have a very high electrical 
resistance - in an extreme case as much as seventy times the 
resistance of copper. These are of great industrial importance, 
at the present time, for the manufacture of household conven¬ 
iences, such as electric stoves, toasters, and flat irons; and foj* 
wiring small electric furnaces and rheostats. 

Nichrome will stand long heating at tenij>oralures around 1000° C., 
without appreciable oxidation. It lias been used for boxes for ease-hardening 
'(§ 500) or annealing. Another use is in machinery for melting and working 
glass—a good example of how progress in one chemical industry usually works 
out to the immediate advantage of others. 

Manganin and cotistantan are valued because ot the constancy of their 
electrical resistance with varying temperature. 
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4. Nickel Alloys Related to Brass and Bronze.- The addition 
of a small amount of nickel to brass or bronze gives the material 
added toughness, somewhat increased resistance to corrosion, and 
other valuable properties. Nickdcnc, or nickel nilrcr (formerly 
called German silver), which is used for electrical resistance wire, 
for service at moderate temperatures, has very nearly the color 
of silver, and is very much used as a base metal in articles to be 
silver [dated. 

5. Coinage and Jewelry. —A very small amount of nickel will 
deprive copper or gold of its color, and that- in spite of the fact 
that no chemical compound is produced between the metals in 
either case. The American 5-cent piece contains about 75 per 
cent copper and only 25 per cent nickel. White gold, an alloy 
of 20 to 50 per cent nickel, and the rest gold, is used in imitation 
of platinum, in jewelry. 
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526. Analytical Tests for Nickel. —Nickel salts, when fused with borax, 
give a brown bead. 

Another s|>e<:ial test consists in the addition of dimethyl glyoxime to a 
solution of nickel salt made very faintly alkaline with ammonium hydroxide. 
A beautiful strawberry-red precipitate is produced— the acid nickel salt of 
dimethyl glyoxime. 

CM,—C —N01I 

I 

CH r C NOTT ClI,—C_NO\ 

Ni(OII),+2 | -> >Ni+2HOH 

CM,C : NOll CM— (' _ N(K 

j 

CM,—C—NOM 


EXERCISES 


1. List the oxides corresponding to the different standard valences of the 
five elements of the iron family. Which of these oxides have, base-forming 
and which acid-forming properties? 

2. A solution obtained by extracting a roasted ore with acid contains su 1 - 
fates of both nickel and copper. What would be the effect, if any, of trickling 
this solution over scrap nickel? Kemp copper? State the principle involved. 

«‘i. A solution containing both nickel and copper sulfates is electrolyzed, the 
electromotive force being slowly raised. Which metal will be deposited first? 
State the principle involved. 

4. State tin* chief differences in the chemical behavior of the elements 
nickel and cobalt. 

ff. Give equations showing the formation of potassium cobaltinitrite 
from cobalt chloride and potassium nitrite in acetic acid solut ion. Nit rous acid 
is liberated, which oxidizes tin 1 cobalt to the cobaltic condition, and is itself 
reduced to nitric oxide. 


ti. Rewrite the preceding equations in ionic form. 

7. What are the following: invar, stellite, illium, constantan, nichrome? 
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COPPER 

Since we began the study of the metals, several chapters back, wc have l>een 
working from left to right across tin* periodic table, selecting only the most 
important elements: first, the alkali metals, then the alkaline earth metals, 
then aluminum, then. mm. The electropositive chitraclcr of these elements 
decreases in the order given, though all of them art 1 a considerable distance 
above hydrogen in the electrochemical replacement series. But, after passing 
through the transition group (containing iron) we meet copper, silver, and gold 
—a group of metals very strikingly different from any we have yet discussed. 

527. Characteristics of Copper, Silver, and Gold— The follow- 
ing table will emphasize this contrast.: 

Na, Cu, At, F(‘, etc. Cm, At 7, Au 

Never found native (except Fe, Often found native, 
rarely). 

Easily rusted or corroded (ex- Not subject to rust, nor easily 
eopt. Or, Ni, Co) when ex- corroded, 
posed to moist air. 

Displace hydrogen from water Have no effect on wider or dilute 
and dilute non-oxidizing non-oxidizing acids, 

acids. 

Form stable oxides, not deeom- Oxides of silver and gold easily 
posed by heating. decomposed by heat. 

Sulfides not precipitated by hy- Sulfides precipitated by hydrogen 
drogen sulfide in acid solu- sulfide in acid solution, 
tion. 

Halides all soluble in water. Halides (in valence one) insoluble. 

628. The World’s Copper Resources— The most, important, 
copper ores are: (1) Native copper. (2) Complex oxides and 
sulfides of copper, in association with other metals—chiefly iron, 
nickel, lead, silver, gold. ( 3 ) Silicates and basic carbonates of 
copper (including decorative stones like malachite and azurite). 

534 



FROTH FLOTATION 


535 


The United States has produced as much as a million tons of copper a year, 
and regularly furnishes about two-thirds of the world’s output. Indeed, the 
six leading copper-producing states (Arizona, Montana, Utah, Nevada, Col¬ 
orado, and Michigan) outrank the six lesiding foreign countries (Mexico, 
Spain, Japan, Cuba, Australia, and Chile). 

This predominance of the United States is not due to any monopoly of 
copper ore—for every continent has enormous deposits—but largely, as in the 
case of the iron and steel industry, to local conditions that have combined 
to favor the development of production on a stupendous scale. The one city 
of Butte., Montana, has a copper-smelting capacity equal to the combined 
production of any two foreign countries. 

629. Froth Flotation. —One of the most, interesting of recent 
advances in the metallurgical art. has been the development of the 



Fio. 120—Mining copper ore with an air drill. 


froth-flotation process for concentrating ores. This is an applica¬ 
tion of the familiar fact that liquids will wet certain substances but 
not others. Water, for example, will wet glass, but not paraffin. 

A little pine oil or mineral oil is mixed with the finely ground 
ore suspended in water. Air is then bubbled through the sus¬ 
pension, and rises to the surface as a froth or foam—innumerable 
individual bubbles of gas, each surrounded by a film of oil. Now 
it happens that the valuable constituents of copper ore (mainly 
copper sulfide or metallic copper) are more easily wet by the oil 
than the silicious part, or gangue. The gangue settles to the 
bottom, but the ore particles are drawn into the film of oil sur¬ 
rounding the rising air bubbles or into the surface separating oil 
from wafer. Each bubble is thus, in effect, armor-plated by a 
layer of ore particles, and the stability of the froth or foam is 
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very much increased. If the process is carried out with care, as 
much as 90 per cent of the copper in the on* will he found in the 
froth; and the material to he treated in the subsequent smelting 
process may he reduced to a fifteenth of its original bulk. 

The froth-flotation process is now conducted on an enormous 
scale for the concentration of low-grade ores of a mmiber of 
different metals. Of copper ore alone, in the United States, it is 
estimated that not less than tit) million tons are now treated annu¬ 
ally (1920). Ores that could not he worked profitably under the 
older methods of concentration are now mined and smelted. Vast 


deposits of minerals in all parts of the world have boon made avail¬ 
able to civilization* and our known reserves bf useful metal, in a 
single stroke, have been extended more than is usually accom¬ 
plished by a generation of prospecting and exploration. 

630. Copper Smelting.— The concentrates from the froth- 
flotation process consist as a rule of cuprous sulfide (UuuS) and 


chalcopyrite (CuFeSj) in association with sulfides of lead, arsenic, 


and other elements, and a certain amount, of silicious material. 


The treatment of these concentrate's varies with their composition, 
and may be quite complex. Hoasting to remove sulfur, followed 
by reduction by coke in a blast furnace', wenild harelly se'rve, be¬ 
cause the iron, leael, and other metals accemipanying the* ee>pper 
woulel alse> be reduced. 


With carbonate' and oxide ore*s, a wet method has sometime*s 
been used - extractiem with sulfuric aciel, followed by precipitation 
of the copper by metallic iron. But at the present time* me>st e»f 
the copper produced is obtained by a elry method of smelting, ear- 
ried out in twe) stages: 


(1) The fre>th-fle)tation cemcentratcs are drieel, mixed with a 
silicious flux, anel melted in a reverberatory furnace of the same 
general design as the puelelling furnace for making w re night iron 
(§ 494). The sulfieles are partially oxidizeel, and the copper sep¬ 
arates as an easily fusible, impure cuprous and ferrous sulfide, 
known as copper matte. A large part of the iron is slagged away as 
ferrous silicate: 


2CuFoS 2 +40 2 = Cii 2 S+2FoO+ 3R02, 
2FeS+30 2 = 2F(‘()-f2RC).». 
FeO+SiOa = FeSi03. 
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(2) The fused matte is tapped from the reverberatory furnace, 
separated from the overlying layer of liquid slag, and transferred 
to a copper converter, much like that used in the manufacture of 
Bessemer steel (§ 490). A blast of air is then blown through the 
charge, oxidizing the lead and iron sulfides to the corresponding 
metallic oxides, which form a silicate slag by uniting with a sili- 
cious flux, added for that purpose. 

Certain amounts of cuprous and cupric oxitles are formed at 



Fm 121 —A copper convertor in action. This one stands over 20 ft. high. 
Notice the massive trunnions and gears, for tilting the converter, to 
pour out t lie finished copper. The supports must he solidly built, for the 
converter is constructed of heavy steel plates, lined with magnesia brick, 
and with its charge of matte weighs 300 tons. A 1(M) horse-power elec¬ 
tric motor supplies power for tilting. 

the same time, but. these are reduced by the unchanged cuprous 
sulfide to form metallic copper: 


2CuO+Cu,>S =4 Cu+S0 2 . 


The product of the copper converter is known as blister copper, 
on account of the blisters, or bubbles, formed by the escape of 
SOa during solidification. It is further purified, by gentle oxida¬ 
tion in a refining furnace, then cast into anodes for electrolytic 
refining. Blister copper contains 2 or 3 per cent of impurities, 
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which make it useless for applications requiring mechanical 
strength or high electrical conductivity. 

631. The Electrolytic Refining of Copper.— Review §§ 422,424. 
Almost all the copper used in industry is refined (purified) by elec¬ 
trolysis. Heavy plates of impure copper form the anodes. The 
cathodes are thin sheets of pure copper; and the electrolyte is a 
solution of copper sulfate in sulfuric acid. 

The gold and silver contained as impurities in the anode fail 
to dissolve; for these metals are much below copper in the elec- 



Fig. 122.—An electrolytic copper refinery. This building contains 1800 
tanks, each with 28 anodes and 2‘) cathodes arranged alternately A 
traveling crane, in the middle distance, handles the JtOO-lb. anodes of 
blister copper, and the 135-lb. finished cathodes of refined copper. 

trochcmical series (§ 424). They accordingly subside as a fine 
sludge (anode mud) which is recovered when the electrolyte is 
drained from the electrolytic coll. Iron, zinc, and lead, on the 
other hand, are brought into solution along with the copper; but 
they fail to be deposited upon the cathode, for they are above cop¬ 
per in the electrochemical series, and have the additional handicap 
of being present only in small concentrations. The same is true 
of hydrogen, which fails to be evolved in any considerable amount, 
even though the electrolyte may be strongly acid with sulfuric 
acid. 
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Copper is thus continuously dissolved from the anode and 
redeposited on the cathode. The impurities contained in the 
anode are removed by something like a double sifting process, 
gold and silver being got rid of as anode mud, while the more 
soluble impurities remain in solution, as the copper comes out 
upon the cathode. 

532. Properties and Uses of Metallic Copper and Its Alloys.— 

Pure copper and many of its alloys are remarkably tough and 
strong, but they are at best, inferior to mild steel in tensile strength 
and to high-carbon steel in hardness. They are therefore applied 



Fk;. 123—An electric furnace for molting brass. In a furnace of this type 
the temperature can be controlled very accurately, and metals melted 
without access of air. 

to uses that put a premium on the qualities in which copper is 
superior to iron and steel: ductility, malleability, resistance to 
corrosion , and high electrical conductivity. 

Large amounts of pure electrolytic copper are used for roofing; for cover¬ 
ing ships’ bottoms; for linings and tubing in kettles, evaporators, and con¬ 
densers; and in the electrical industries. Bronze is a copper alloy containing 
3 to 8 per cent, of tin, and 11 per cent or more of zinc. It is much harder than 
pure copper^ and is a substitute for steel in eastings requiring mechanical 
strength, but in which even a small amount of rusting would be objectionable 
(laundry machinery, propeller blades, paper pulp beaters). Large quantities 
are used in eoins and statuary. 

Brass contains 18 jmt cent to 40 per cent zinc. It is inferior to pure copper 
in strength and pliability, but melts at a lower lemperature, is easily cast and 
machined, and is not subject to rusting. But in contact with metals below it, 
in the electrochemical replacement series it is readily attacked, the zinc dis- 
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appearing in a very short time, leaving a brittle spongy mass of copper behind. 
Alloys of copper with aluminum (§ 477) and nickel (,§ 52ft) are described else¬ 
where. 

633. Electrotyping. —Copper may be deposited oleetrolytically 
in tough, smooth films of extreme thinness. This property is 
applied in the electrotyping process. Type is first set up for a 
page of a book, and an impression is made in wax. This wax i/3 
covered over with finely powdered graphite, to give it a conducting 
surface, then made cathode in a copper sulfate solution con¬ 
taining a trace of gelatin or glue. A heavy plate of copper serves 
as anode. When the deposit of copper on the graphited surface has 
been built up to about the thickness of a sheet of paper, it is stripped 
away and strengthened by filling in the back with melted lead. 
Text-books are commonly printed from such copper plates or 
electrotypes. These wear longer than zinc etchings, and call for 
a smaller investment of capital than would bo needed were the 
original type metal hold over for a period of several years between 
successive printings. 

634. Chemical Characteristics of Copper. —Some of the chief 
chemical characteristics of copper are indicated by its position 
in the periodic table: 

1. Copper is a typical heavy metal. Solutions of its salts 
accordingly react, acid, owing to slight hydrolysis. 

2. Its characteristic valences are one (cuprous salts) and two 
(cupric salts). Most cuprous salts are colorless, and most cupric 
salts are blue or green. 

3. Like most other heavy metals, copper forms insoluble oxides, 
hydroxides, carbonates, phosphates, and oxalates (§ 42G). 

4. When copper salts of organic acids or of acids having vola¬ 
tile anhydrides are ignited in the air, cupric oxide is left behind: 

2Cu(N0 3 )2 = 2CuO+4N0 2 +Oa, 

('u(C 2 lI ;i 0 2 ) 2 +40 2 = Cu()+4C0 2 +3H 2 0. 

5. Metallic copper is dissolved only in traces by dilute non¬ 
oxidizing acids, in the absence of air. But in the presence of air, 
and especially of air and a cupric salt, it may be dissolved very 
rapidly. The explanation is that solutions of cupric salts oxidize 
metallic copper, and are reduced by it to the cuprous condition: 

Cu+CuCl 2 = 2CuCl. 



CHEMICAL CHARACTERISTICS 


541 


The cuprous salt thus formed is reoxidized to the cupric condition by the 
oxygen of the air, and is then able to dissolve a fresh portion of metal: 

4CuCl +4 HC1+0 2 = 4CuCl, +211,0. 

Corrosion of shoot copper by a dilute acid in the presence of air, when once 
begun, thus goes on with increasing rapidity. 

Ionieally the dissolving of copper by an acid solution of a cupric salt and 
the reoxida.tion of the product would be formulated: 

Cu+CiO ' =2Cu+ 

4Cu + +-1H++0 2 = 4Cu-h +2H.O. 

The process in the end thus consists in the transfer of electrons from copper 
atoms to hydrogen ions. This, of course, results in a decrease in the total 
acidity (H + -concentration) hi exact proportion to the amount, of copper dis¬ 
solved. * • 

6. Metallic copper is precipitated from solutions of its salts 
by iron, zinc, lead, and most of the other heavy metals (as is indi¬ 
cated by its position in the electrochemical scries). 

635. Why Precipitated Copper Compounds are Soluble in 
Ammonium Hydroxide. —When an excess of ammonium hydroxide 
is added to precipitated copper hydroxide, the latter dissolves, 
forming an intensely dark-blue solution, sometimes used as a sol¬ 
vent for cellulose in preparing artificial silk (§.‘170). This effect is 
presumed to be due to the fact that ammonium hydroxide mole¬ 
cules dissociate to form molecules of ammonia, which then com¬ 
bine with some of the cupric ions in solution, to form complex 
cupric-ammonia cations, ( , u(NH; ) ).i ++ . These are responsible for 
the dark-blue color. 


( 1 ) ( 2 ) 

Cu(()ll)j «=> Cu(OH)., ^ CU+++20H-, 

Precipitated (1) Dissolved (3) | 

4 NII 4 OH «=MNJI ;i 4H 2 0 
O’O t 1 (' r 0 
Cu(NH 3 ).i ++ 

Complex 

cation 


But the withdrawal of Ou ++ ions in this way (reaction 5) from 
a solution in equilibrium with precipitated Cu(()H) 2 must plainly 
favor the reactions from left to right (1 and 2) and perhaps result 
in all the precipitate being dissolved. The same result would, of 
course, he obtained if the precipitated substance, instead of being 
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Cu(OH) 2 , were a slightly soluble cupric salt, capable of furnishing 
Cu ++ ions to the solution. 

Accordingly, all slightly soluble cupric salts, except CuS, are 
redissolved by an excess of ammonium hydroxide, the increased 
solubility being due to the withdrawal of Cu ++ ions from solution, 
by combination with NH 3 , to form complex cupric-ammonia ions, of 
the formula Cu(NH 3 b ++ . Cupric sulfide fails to be redissolvcA 
because of its extreme insolubility. So very little of this substance 
dissolves in pure water that its solubility may be increased several 
hundred fold bv the addition of ammonium hydroxide, and still 
remain imperceptible. 

636. Some Other Complex Copper Ions. —Copper salts furnish a number of 
other east's of increased solubility due to the presence of complex ions. Cuprous 
chloride, CuCI, is a white powder, insoluble in water, but easily brought into 
solution by ammonium hydroxide. The common explanation is that cuprous 
ions unite with NH a to form complex cupro-animonia ions, Cu(NHj) 2 +. 
Cuprous ehloride is also soluble in hydrochloric acid, and cuprous cyanide in 
potassium cyanide solution: 

CiiCl-fllCU HCuCb; 

CuCX + K( X - KCu(CX) 2 . 

The two compounds here formed art' not double salts (§ 447) but complex 
salts, having copper in the non-metallic radical. Otherwise expressed, they 
furnish complex anions, (CuCI-)” and |Cu(CN) 2 ] - . 

Ionically formulated, the dissolving of CuCI in HC1 would appear: 

CuCI rf CuCI v■=» Cu++Cl“, 

(Solid) _j_ 

IIC1^I1+ +C1- 

TJ 

(CuCl s )- 

and similarly for the dissolving of CuCX in KCN. The presence of copper in 
a negatively charged ion is of course exactly contrary to the usual behavior 
of metals; but it seems to be confirmed by the fact that when an electric cur¬ 
rent is passed through a solution containing the assumed complex salt, 
K-Cu(CN) 2 , the movement of copper through the solution is for the most 
part toward the anode. There nevertheless remain enough Cu+ ions present 
to furnish a deposit of copper on the cathode, in exact accordance with Fara¬ 
day’s law (§ 425). 

537. Analytical Tests for Copper. —Cuprous salts are quickly 
oxidized to the cupric condition on exposure to air. The common 
analytical tests for copper are, therefore, those for the metal in its 
higher valence: 
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1. Ammonium hydroxide in excess develops a deep blue color, 
ascribed to the complex ion, Cu(NH 3 ) 4 ++ (§ 535). This is a much 
more intense blue than that shown by the same concentration of 
copper in the absence of ammonia. The tost will detect copper in a 
concentration of about one part in a million. 

2. Potassium ferrocyanide, K 4 Fe( CN)«, develops a dark red 
color, due to cupric ferrocyanide, Cu 2 Fe(CN)c. This test, in 
neutral or faintly acid solution, is several times as sensitive as the 
previous oik*. 

3. When potassium iodide is added to a solution of a cupric 
salt, the resulting cupric iodide decomposes at once, forming 
cuprous iodide and \odine: 

■i 

CuS() 4 +2KI = CuIa+KaSO-i, 

2Cul,. = 2CuI+I 2 . 

The quantity of iodine thus liberated may be determined by titra¬ 
tion with sodium thiosulfate (§ 237), and the copper in the original 
solution thus estimated indirectly; for each gram atom of free 
iodine is derived from one gram-molecule of cupric iodide, and 
thus corresponds to one gram-atom of copper. 

4. When potassium cyanide is added to a solution of a cupric 
salt, cuprous cyanide is precipitated, and free cyanogen evolved; 

CuSOi+2KCN = Cii(CN) 2 +K 2 S 04 , 

2(’u(CN )2 = 2("uCN i +(CN) 2 T.* 

The reaction is very similar to that just given for cupric sulfate 
and potassium iodide. But in this case the precipitate redissolvcs 
in an excess of the precipitating reagent, forming a colorless solu¬ 
tion of potassium cupro-cyanide: 

Cu( 'N+KCN = KCu(CN)l*. 

638. Some Important Compounds of Copper.—1. Cupric sulfate is made 
by action of dilute sulfuric acid on copper in presence of air; or by oxidizing 
cuprous sulfide, in a furnace and dissolving the mixed cupric oxide and sulfate 
in dilute sulfuric acid. It is used in copper plating (§ 533); as a mordant in 
dyeing (§ 372); and in traces in drinking water to discourage the growth of 
microscopic plants (algae) that sometimes give to the water a disagreeable odor 
and taste. When cupric sulfate solution is mixed with lime water, a suspen- 

* This reaction is often used to decolorize a blue ammoniacal solution of a 
cupric salt. In that case there is no precipitation of CuCN, and no (CN)j is 
evolved, but NH 4 CNO is formed. 
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sion of calcium sulfate and cupric hydroxide is formed (Bordeaux mixture). 
This is used as a spray to com hat fungi on plants. The wine industry of 
Southern Prance, and the coffee industry of Java have in the past been saved 
from destruction by the use of this remedy. 

2. Cupric chloride, in hydrochloric acid solution, is reduced to cuprous 
chloride by boiling with metallic copper or by stannous chloride or sulfurous 
acid. 

3. Cuprous chloride, a white powder insoluble in water, is soluble in ammo¬ 
nium hydroxide or in concentrated hydrochloric acid, presumably on account 
of the formation of complex ions (§ 53(>). Such solutions are used in gas» 
analysis as solvents for oxygon and carbon monoxide (§ 280). 

4. Cupric hydroxide dissolves in ammonium hydroxide (§ 535) and in 
solutions of many organic, substances, for example, sodium potassium tartrate 
(Fehling’s solution, § 3(>(>). 

• 5. Cupric sulfide and cupric bromide lose sulfur and bromine, respectively, 

when heated, being reduced to the cuprous condition. Cupric iodide and 
cyanide arc even less stable, for they decompose spontaneously in solution, 
forming insoluble cuprous iodide and cyanide (§ 537). 

0. A double salt, copper arsemte-acctatc, commonly called Paris green, 
is used as a poison for destroying leaf-devouring insects (§ 320), 


EXERCISES 


1. (Jive equations for the principal reactions taking place when a liydro- 
lhloric acid solution, containing potassium chromate, ierric chloride, cupric 
"blonde, and aluminum chloride, is treated with hydrogen sulfide. 

2. (Jive an equation to explain what happens in the roasting of an ore, 
containing cuprous and ferrous sulfides. 

3. Write equations for the chief reactions taking place in a copper con¬ 
verter. 

4. The maximum current which will give a smooth deposit of copper in a 
certain refining bath is about 2 amperes per square decimeter of cathode sur¬ 
face. From the density of coppoi (8.9; and Faraday’s Law (§ 428) determine 
how long it will take this current to build up a cathode deposit 1 in. (2.5 cm.) 
thick. (1 decimeter = 10 centimeters.) 

5. A flotation concentration plant operates on a copper ore containing 
1.4 per cent Cu, producing 1 ton of concentrates for every 15 tons of ore. 
Assuming 85 per cent of the copper in the ore to be recovered in the concen¬ 
trates, calculate the percentage of copper m the concentrates. 

6. Explain why solutions of cupric sulfate are acid? Give a complete ionic 
formulation. 

7. Describe suitable mid hods for preparing the following substances from 
copper sulfate, with equations: 

Cupric hydroxide, cupric phosphate, cupric oxalate, cuprous oxide, metallic 
copper, cupric nitrate. 

8. What are the principal impurities contained in blister copper? Which 
of these are found in the elementary form, in the anode mud. Which pass 
wholly or in part into solution? Explain (§ 127) how it is possible to secure a 
deposit of practically pure copper from an electrolyte containing considerable 
amounts of iron. Does the difficulty in securing a pure deposit increase with 
increasing ci ucentration of iron in the solution, and if so, why? 
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0. Cupric hydroxide can he reduced to cuprous oxide by boiling with 
sodium arsenitc solution. Write and balance equal ion. 

10. Ciive ionic equations to represent all that happens when an excess of 
ammonium hydroxide is added to a solution containing ferric sulfate, copper 
sulfate, and sulfuric acid. 

11. Making use of the preceding reactions, explain how copper sulfate 
cyrstals may lx* tested for iron. (The iron must first be oxidized, if present 
as ferrous sulfate.) Equation. 

12. (live ionic equations to explain why cuprous cyanide dissolves in an > 
excess of potassium cyanide. 

12. Three solutions, containing respectively CiiSOj, ]<VS() 4 , and Fe»(SO,)j 
are tested with potassium ferroeyanide, metallic iron, and hydrogen sulfide. 
Describe what happefis in each of the nine cases, with equations. 

14. Write the formula of a basic copper carbonate, containing twice the 
quantity of copper for each CO., group that would be contained in a salt of 
normal formula. . 

IT). What connection exists lief ween the fact that solutions of cupric salts 
react acid and the fact that they give only basic carbonates by precipitation 


with Na.CO s ? 

10. What is the difference between a double salt and a complex salt? 
Illustrate. 

17. By reference to the text on copper, and by analogy from iron (§504) 
d”aw up a list of equations showing a number of methods by which cuprous 
salts can be converted into cupric salts, and conversely. 
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SILVER AND GOLD 

SILVER ' 

639. Occurrence of Silver.—1. Silver often occurs native 
(§ 415), very commonly in association with gold. A natural 
alloy of the two metals, known as electrum, was considered by the 
ancients to be a distinct metal, for the sepai ation of its two con¬ 
stituents became possible only with the discovery of sulfuric and 
nitric acids, in the Middle Ages. 

2. Silver sulfide, Ag 2 S, and silver chloride, AgCl, in lairly 
pure condition, are sometimes found in nature, and deposits of 
these minerals furnish considerable silver. 

3. The most important source of silver is found in the small 
amounts of silver sulfide that accompany most ores of copper and 
lead. When these ores are smelted, the silver alloys with the 
metallic copper and lead, and is afterward separated from these by 
a process of refining. 

640. Metallurgy of Silver.—At the present, time, the world’s 
production of silver is above 7000 tons a year. The United States 
is the leading producer, furnishing about a third of the total. 
Mexico is a close second, and Canada comes third. South Amer¬ 
ica has been an important, silver-producing region, from the time 
of Pizarro down to the present day; while most other parts of the 
world contribute smaller amounts. 

1. Silver from Anode Mud.—In the electrolytic refining of 
copper, silver is found in the anode mud (§ 531) as metallic silver, 
in association with Cu, O 112 O, Cu 2 S, and compounds of As, Sb, Bi, 
Sn, Pb, Se, Tc, etc. This mud is screened to remove coarse par¬ 
ticles of anode copper, and is then boiled with dilute sulfuric acid 
or with dilute acid and silver sulfate solution. This brings most of 
the impurities into solution, leaving the silver behind as a finely 
divided metallic residue, which is melted and purified. 

2. The Parkes Process.—Silver is removed from commercial 
lead by melting the latter in a large open bath and stirring in 0.8 

54G 



SILVER 


547 


per cent to 1.5 per cent, of its own weight of zinc, in two or three 
successive portions. After each addition, most, of the zinc rises 
to the top of the lead as a scum, which is removed by skimming— 
for neither metal is very soluble in the other. Most of the silver 
originally present in the; lead is brought to the top in solution in the 
zinc, and is removed in the operation of skimming, much of it 
being there present as a definite chemical compound, Ag 2 Zns. But 
all the silver cannot be removed from the lead by extraction with 
zinc, even though the operation be repeated many times, for after 
each extraction the concentration of the silver remaining in the lead 
bears a definite ratio to that of the silver in the zinc layer above. 

We have here an illustration of a very important generalization called the 
Distribution Law. Whenever two mutually immiscible solvents dissolve 
a small amount of a third substance the concentrations of the two solutions 
thus formed will (usually) bear a definite ratio to each other at any given 
temperature (regardless of the relative amounts of the two solvents or the 
actual weight of solute dissolved). 

The zinc scums from the desilverization pots are first gently 
heated, to melt out any adhering load, which is drained away. 
The residue is then slrongly heated, when the zinc distils away, 
leaving the silver behind, alloyed with a little gold and small 
quantities of other metals. 

3. The Cyanide Process.— Though much more than half the 
silver now produced comes from the two metallurgical processes 
just described, there are a great many others that have been 
employed in the treatment of silver ores. Of these, the one of 
greatest present, importance is the cyanide process. Some of the 
important Mexican ores consist of quartz rock, carrying small 
amounts of silver sulfide, Ag 2 S. 

(a) The ore is finely powdered in a stamp-mill , and treated with 
sodium cyanide solution in the presence of air: 

Ag 2 S+4NaCN <=± 2Na• Ag(CN) 2 +Na 2 S. 

(b) The reaction is reversible and hence remains incomplete 
unless the sodium sulfide formed is removed by oxidation with air 
or by precipitation with a compound of lead or mercury: 

2Na 2 S+H 2 0+20 2 -» Na 2 S 2 0 3 +2Na0H, 
NazS+PbO+HzO 2NaOH +PbSi. 
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(c) The soluble salt of silver thus formed (sodium argcnticy- 
anide) contains silver in the complex anion (§ 530), Ag(CN) 2 - , 
which is decomposed with metallic zinc, and the silver pre¬ 
cipitated: 


2Na • Ag(( 'N h + ' 2Na+ + 2Ag<C'N)• ~ 

ZnT 2Ag((’N — Zn ++ 4 4CN"+2Ag 1 . f 

Explain this reaction as a transfer of electrons. Clive a molecular equation 
to represent, it as a reaction between metallic zinc anil molecules of 
Na- Ag(ON )■>. 


541. Properties and Uses of Silver.— The most noteworthy 
properties of metallic silver are its freedom from rust mg, high luster, 



Fig. 124.—Recrystallizing silver nitrate, to be used in preparing silver bro¬ 
mide, for coaling photographic films. Note that- the workmen use 
rubber gloves and rubber aprons, for silver nitrate, though neutral to 
indicators, is highly caustic to the skin 


malleability, and ductility. It has been beaten out so thin that 
several hundred sheets would be needed to make a, layer the thick¬ 
ness of a leaf of this book; and the silver in a dime, if drawn into 
wire, could be made to extend more than a mile. 


These physical properties of silver, together with its resistance to most 
acids anil freedom from rusting, make it an exceedingly useful metal. Thou¬ 
sands of tons are used each year for coinage, for the manufacture of jewelry, 
and for decorative purposes. Silver plating, the manufacture of mirrors, 
and th“ photographic industries call for further quantities. 
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642. Chemical Properties of Silver.— The relationship of silver 
to copper is shown not only in its physical properties— malleability, 
ductility, excellent thermal and electrical conductivity, high 
melting point—but in a number of its chemical characteristics: 

1. Its halogen compounds (except AgF), like the corresponding 
cuprous salts, are insoluble in water. 

2. Silver salts, like cuprous salts, are precipitated by ammo¬ 
nium hydroxide and potassium cyanide, but redissolve in an excess 
of the reagent, giving complex salts, AgfNH.Oa-Cl and K Ag(CN) 2 . 
(Note that in one of these silver is in the cation; and in the other 
in the anion.) 

But there are soi*ie striking differences between the two metals: 

3. Silver has the valence one in all its salts, whereas copper 
has that valence only occasionally, its most important compounds 
being those in which it is bivalent. 

4. Cuprous oxide is insoluble in water. Silver oxide has a 
slight, but very appreciable, solubility, forming a solution with an 
alkaline reaction. 

Ag,,()+ir.()^2AgOir. 

5. Silver salts are very much less hydrolyzed by water than 
those of copper. Thus, silver nitrate 
solutions are neutral toward litmus, while 
solutions of cupric nitrate are definitely 
acid. Again, silver forms a normal car¬ 
bonate, by interaction of solutions of 
AgNOy and NaA'Oy; but with copper we 
can obtain only A basic carbonate, such 
as (hi(OII) 2 • ('uCOy. 

643. Silver Plating. —Articles are usu¬ 
ally plated with silver by being made 
cathode (Fig. 125) in a solution of the 
complex salt, -sodium argenticyanide, Fig. 125 
Na-Ag(CN) 2 (§540, item 3)— formed by 



itf" ' 


Electroplating 
tableware in a bath of 


.sodium argeutievanide 
adding an excess of sodium cyanide to a The anode is a plate of 

solution of silver nitrale: pure silver. 

NaCN+AgNO» = AgCN i +NaNOy, 

Precipitated 

NaCN+AgCN =Na-Ag(CN) 2 . . 

llediHHolvcd 
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Though most of the silver in such a solution is assumed to be pres¬ 
ent as the complex negative argonticyanide-ion, [Ag(CN)o] - , 
and accordingly moves toward the anode during electrolysis, a 
very small part is present as Ag + ions, which migrate toward 
the cathode, and are there deposited: 

2Na 

+ ’ 
[Ag(( , N),]-^2('N-+ Ag+ -> Ag. 

Complck It Simple Deposited 

ions *1 ions metal 

2NaCN 

Silver deposited from such a cyanide b^jth is smooth , while 
that from a nitrate bath is coarsely crystalline and non-adherent. 

The reason for this has not been completely explained. It scorns 
likely that the metal in either cast' is first deposited in an amor¬ 
phous (non-crystalline) form; but that conditions in the nitrate 
bath favor its alteration into crystals. For the electrodeposition 
of metals in general, it is found that a smooth deposit is commonly 
favored by the presence of complex ions, by traces of colloidal 
substances, such as glue (§ 533), by stirring the electrolyte, by 
rotating the cathode, and by using reasonably heavy currents. 

644. Silvering Glass. —In silvering mirrors and Dewar flasks 
the glass surface is first very thoroughly cleaned, then covered 
with an ammoniacal silver nitrate solution, made strongly alkaline 
with potassium hydroxide, and containing a small amount of some 
freshly added reducing agent (glucose or formaldehyde). In a 
few minutes the surface becomes covered with a bright film of 
reduced metallic silver. Solutions that have once been used should 
be poured into jars containing common salt, in order to recover the 
silver as chloride, which may afterward be reduced to spongy 
metal by reduction with granulated zinc and sulfuric acid. If the 
silvering solutions are permitted to stand for a few hours, silver 
fulminate, AgONO, may be formed; this is an extremely danger¬ 
ous substance, exploding violently at the slightest touch. 

646. Use of Silver Halides in Photography.— Photographic 
films arc prepared from cellulose nitrate (§ 370) and coated with an 
emulsion of silver bromide and gelatin. When such a sensitized 
film or plate is exposed to the light—even for so little as a thou¬ 
sandth of a second—some subtle change takes place in the silver 
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salt, making it more easily reduced to metallic silver than before. 
To the eye, such an exposed film appears precisely like; one that 
has not been exposed; yet when it is placed in a solution of an 
organic reducing agent, commonly calk'd a developer, the portions 
previously illuminated flash out. in dark metallic silver, while the 
rest of the film retains the yellow tint of unchanged silver bro¬ 
mide. 

After development, the films or plates are rinsed with water and 
transferred to a fixing-bath , containing sodium thiosulfate. This 
salt has the ability to dissolve silver bromide, and in a few min¬ 
utes all of the latter, that has escaped reduction is completely 
removed, leaving behind the negative picture in metallic silver. 
The object of removing the excess silver broYnide is to prevent 
it from being darkened by subsequent exposure to light, for if this 
should happen all parts of the picture would take on about the 
same shade. 

Light and darkness arc reversed in the negative, for all the 
brighter parts of objects photographed are represented in it by 
dark patches of metallic silver. But in the final prints, made 
from the negative on paper sensitized with one of the silver halides, 
and developed and fixed in much the same way as the negative 
itself, a second reversal is accomplished, and light and darkness 
appear in their true relations. 

646. Analytical Tests for Silver.— It is customary to test for 
silver in solution by the addition of dilute hydrochloric acid or a 
soluble chloride, which forms a curdy, white precipitate of silver 
chloride, AgCl. This is readily soluble in ammonium hydroxide. 

AgCl-f 2 NH 4 OII = AgCl ■ 2 NH 3 + 2 H 2 O. 

Silver is supposed to exist in this solution as the complex ion, 
[Ag-2NH a ]+. 

Silver bromide is an insoluble salt with properties very similar 
to those of silver chloride, but it is pale yellow, instead of white. 
Silver iodide is a deep leinon-vellow precipitate, and differs from 
the chloride and bromide in being insoluble in ammonium hydrox¬ 
ide. 

Silver chromate is a red precipitate, and silver sulfide a brown¬ 
ish-black one. 

Silver fluoride, remarkably enough, differs from the chloride, 
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bromide, and iodide in being soluble in water. In fact, the fluoride, 
nitrate, and chlorate are the only readily soluble, inorganic silver 
salts. The sulfate, acetate, and Inornate are sparingly soluble. 


(lOI.D 

647. Metallurgy of Gold.-- Gold is generally found in the frce» 
state, as grains or nuggets, in alluvial sand; or in a finely subdivided 
condition, in veins of quartz. A deposit of gold and silver, in asso¬ 
ciation with tellurium and lead (so-called gold tclluride) was of 
considerable importance a generation ago in the famous tclluride 
mines of Colorado. 

This remarkable ore, after concentration by simple mechanical 
means, contained up to 10 per cent gold, and was valued at as 
much as $50,000 a ton. Auriferous quartz, however, can be 
profitably mined when it contains only a small fraction of an ounce 
in each ton, and gold-bearing grave] when it contains as little' as 
one part of precious metal in several million parts of gangue. 

1. Hydraulic Mining.- Gold is between seven and eight times 
as heavy as the minerals with which it is commonly associated, 
and is therefore easily separated from alluvial deposits by a process 
of washing with water (hydraulic mining, sluicing). 

2. Amalgamation Process. Gold-bearing quartz rock is put 
through stamp-mills to reduce it to a fine powder, and is then 
floated with water over a series of copper plates, covered with 
mercury. (Mercury will stick to copper that has been cleaned 
with acid.) A considerable part, of the gold in the powdered ore 
amalgamates with the mercury (§ 5(>1) which is scraped off the 
plates from time to time, and distilled. The residue of impure 
gold thus obtained, containing silver, copper, and smaller quan¬ 
tities of other metals, is often purified by electrolysis. 

3. Chlorination Process.- Gold may be extracted from certain 
rich ores by a roasting to expel sulfur and arsenic, followed by 
treatment with chlorine gas in the presence of moisture. This 
brings the gold into solution as auric chloride, AuClu. The solu¬ 
tion is filtered, and the metal thrown down by treatment with some 
reducing agent, commonly ferrous sulfate. 

4 Cyanide Process. —Most, of the tailings, or extracted ore, 
from the amalgamation process, will contain enough gold to pay 
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for extraction with sodium cyanide. The process must ho carried 
out in the presence of air, ns in the cyanide process for extracting 
silver (§ 540); hut it is simplified hy the fact that the gold is 
present in the metallic condition, rather than as a sulfide: 


4 An +8N aC 'N H~ 2H_>()+= 4 Na( )1 1 + 1 Na An (( 'N ) 2. 


« 

The gold is separated from the solution thus obtained hy pre¬ 
cipitation with metallic zinc or by electrolysis. The cyanide 
remaining in the solution is used to extract a fresh supply of 
ore*. 


About half of tlio world's product ion of gold now comes from South Africa, 
about one-sixth from tin* Tinted States, and the remaining third from many 
widely scattered sources. The development of the cyanide process, described 
in the preceding section, lias greatly increased the production of both gold and 
silver, within recent years. At the present time, the total annual output is 
over 000 tons of gold, and about a dozen times that amount of silver (lf“22). 

Such a flood of precious metal was never known before. The pages of 
history are full of romantic stories about t he stores of wealth taken from Mexico 
and South America 111 days gone by, when pirates swarmed in all tin* tropical 
seas, and Drake and Ilawkins ran down treasure ships upon the Spanish Main. 
Yet statistics seem to show that the* world now actually produces as much gold 
in three years, and as much silver in ten, as came from all the mines of the 
Western Hemisphere in the three centuries following its discovery. 

648. Gold as the Standard of Value.—There was some reason for the esteem 
in which gold was held in ancient times; for it could be had m fair abundance, 
without recourse to complicated metallurgical processes, was easily worked, 
and was of an imperishable nature, entirely proof against loss by fire, rusting, 
or corrosion. These circumstances combined to establish it as a standard of 
value and medium of exchange among primitive peoples, a position it has 
held, against all reason, down to this very hour. 

In competition with other metals available to men of the twentieth century, 
gold is, however, but a poor material. Its ductility is hardly superior to that 
of tungsten, and it is by 110 means so strong. Its malleability is not much 
greater than that of silver, and it is far scarcer. It is too soft to withstand 
any ordinary wear, unless toughened by addition of copper. It is no more 
beautiful than aluminum bronze, has less mechanical strength, and is incon¬ 
veniently heavy. Another consequence of its high specific gravity is that 
gold-plating of any serviceable thickness becomes needlessly costly. Its 
electrical conductivity is inferior to that of copper and silver, and its resistance 
to chemicals inferior to that, of platinum. It has very little tensile strength, 
cannot be hardened by any known process of tempering or annealing, and 
shrinks too much in solidifying to be usefully east. None of its alloys have 
any unique properties, and its compounds have no important use. We 
should get along very nicely if all the gold 111 the world were to disappear 
to-morrow; yet the caprice of history has made this practically useless ele¬ 
ment the standard by which we measure the value of such indispensable 
things as copper, iron, coal, and electrical energy. 
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649. Chemical Properties of Gold. —Metallic gold does not rust 
or tarnish in the air, and does not dissolve in any of the dilute acids, 
nor even in any of the oxidizing acids (except selenic acid). It 
does unite directly, however, with the free halogens, and for this 
reason is dissolved by aqua regia (a mixture of HC1 and HNO 3 , 
§ 301), and even by boiling solutions of ferric chloride and bro¬ 
mide. The most important solvent, for gold is sodium cyanide/ 
in the presence of air (§ 547). 

Gold forms halides in the valences one and three, e.g., aurous 
chloride, AuCl; and auric chloride, AuCly. But very few other salts 
are known in which it plays the part of a metal. Its most impor¬ 
tant compounds are those in which it forms ]}grt of a non-metallic 
radical: potassium aurate, K-AuCE; and potassium auroeyanidc 
and auricyanide, K-AufGNls and K-Au(CN)i, solutions of which 
are used in gold-plating baths. 

EXERCISES 

1. In extracting anode mud with dilute sulfuric acid, explain why silver 
fails to dissolve, (hough it does dissolve in the parting process, when a gold 
and silver alloy is treated with hot concentrated sulfuric acid. 

2. Explain why even dilute nitric acid will dissolve no silver from anode 
mud, so long as this contains particles of metallic copper. 

3. What impurities, likely to he present in commercial silver, would 
you expect to be able to remove by dissolving the metal in dilute nitric acid, 
and reprecipitating with strips of sheet copper? Explain. 

4. llow would you prepare the arsenate, chromate, phosphate, iodide, 
and sulfide of silver? 

5. Write equations t,o show the effect, if any, of strongly heating each of 
the following substances in a Bunsen flame: Cupric nirate, silver sulfate, 
ammonium sulfate, barium sulfate. 

t). Write ionic and molecular equations for the reduction of auric chloride 
to metallic gold by ferrous sulfate solution. 

7. What is the action of hydrogen on heated copper oxide? Describe 
how this reaction may be used to determine the quantitative composition 
of water by weight. 

8. Write and balance equations for the solution of copper in nitric acid 
and in hot concentrated sulfuric acid. Under what circumstances will copper 
dissolve in dilute sulfuric acid? 

9. Photographic prints are sometimes toned by being dipped in gold chlo¬ 
ride solution. By this means the dark deposit of metallic silver is given a 
brighter tint. Explain, with an equation. 

M). Explain the following terms used in this and the preceding chapter: 
Metallurgy, alluvial, auriferous, concentrates, matte. 
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. ZINC, CADMIUM, AND MERCURY 

Next to iron and copper, the most, important metals are zinc and lead. 
These happen to fall in two different groups of the periodic table, and are 
therefore, described here in separate chapters, although they have many prop¬ 
erties in common. 

Zinc has been knnvgn since the Middle Ages, but is a distinctly modern 
element, for it is only within the past century that important uses for its com¬ 
pounds have been developed, and the virtues of the metal itself properly 
appreciated. It occurs in group IIB of the Periodic Table, along with 
mercury and cadmium. 

Mercury is of less importance, but in some of its applications—as in the 
preparation of pigments and the extraction of gold from its ores-has been in 
use for many centuries. Cadmium is of minor economic value. The three 
metals, zinc, cadmium, and mercury, share certain chemical traits, but w r e shall 
find that differences are quite as striking as resemblances; and that mercury, 
in particular, possesses characteristics that ally it to the preceding group of 
the periodic table, containing copper, silver, and gold. 

ZINC 

550. Occurrence of Zinc. —The most important ores of zinc 
are (1) the sulfide, called sphalerite, “ black jack,” or zinc blende; 
(2) zinc orthosilicate, ZiigSiO^ which is commonly known as cala¬ 
mine; (3) zinc carbonate, or smithsonite; (4) frankhnite, a mineral 
consisting; of zinc oxide, in combination with varying proportions 
of the oxides of iron and manganese fin valences two and three). 
These minerals usually occur together in nature, and are com¬ 
monly associated with compounds of lead and cadmium. But the 
deposit of franklinite, in New Jersey, is nearly free from both of 
these metals, and the zinc produced from it. by simple reduction 
with carbon is generally above 90.9 per cent. pure. 

651. Metallurgy of Zinc. —Zinc is obtained from its ores by 
very simple metallurgical processes, which have remained almost 
unimproved since their first development, almost a century ago. 
The concentrated ore is roasted, to oxidize and remove sulfur 
and arsenic, if it contains any considerable percentage of these 
elements. It is then heated with anthracite coal in a small fur- 
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nace, to which com pressed air is supplied beneath grates at the 
bottom. The roasted ore is reduced by the* carbon monoxide to 
metallic zinc, which distils away as vapor and is condensed in 
earthenware receivers (boiling point of zinc, 025° (\). The residue, 
if the ore was franklinile, consists largely of ferrous and manganous 
oxides, and may be reduced in a blast furnace, for the production 
of manganese-iron alloys (§ 514). 

The United States (New Jersey, Missouri, Idaho, Utah, Colo¬ 
rado) now produces about half of the world’s supply of zinc, 
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as much as :i million tons a year. 
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552. Uses of Metallic Zinc. — 1 . The vapors that issue from the 
zinc-reduction furnaces at, first condense* in the receivers as a, very 
fine metallic powder, called zinc dust, containing a few per cent of 
zinc oxide. This is important, as a reducing agent in the nmnu- 
factuie of dyestuffs, synthetic drugs, and perfumes (§ 374). 
Luige quantities are also used in precipitating gold and silver in the 
cyanide process (§ 547). Steel is frequently protected against 
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corrosion by being thoroughly cleaned, then heated for several 
hours in closed drums in contact with zinc dust (§ 503). A thin 
coating of an alloy of zinc and iron is thus produced. The process 
is called sherardizing, one of its important applications being the 
protection of the steel conduits in which telephone cables are laid 
in most of our large cities. 

2. Commercial zinc is commonly called spelter. It is too brit¬ 
tle to bo worked at room temperature, but can be rolled out 
between heated rollers, at 150° to 200°. For roofing, gutter-pipe, 
and the like, sheet zinc has the advantage over steel of being very 
resistant to corrosion. The only effect of the atmosphere, under 
ordinary condition^, h to cover the material w it ha uniform coating 
of basic carbonate, which sticks tightly to the metal beneath, 
protecting the latter from any further corrosion." 

Sheet zinc is also consumed in enormous quantities in the manu¬ 
facture of dry cells (§425). We have already mentioned its use 
in recovering silver in the Parkes Process (§ 540). Other uses are 
shown in the preceding diagram. 

3. One of the most important uses of metallic zinc is in the man¬ 
ufacture of galvanized iron and steel. The shoot metal is thor¬ 
oughly '■•leaned, by sand blasting or by pickling in dilute sulfuric 
acid, and is then dipped in a bath of molten spelter. The surface 
of the sheet is thus covered with a very thin coating of zinc, usu¬ 
ally in beautiful crystalline patterns that put one in mind of frost 
tracings on the windows in winter time. Objects that would be 
injured by the heat of the galvanizing bath are sometimes coated 
with zinc by an electroplating process. 

4. The most important, alloy of zinc is brass (§ 532); but 
zinc is a constituent of many bronzes, and is sometimes melted 
with aluminum to form tough, light alloys having properties and 
uses similar to those of magnalium (§ 448). 

663. Zinc Oxide.- -Zinc oxide is sometimes produced on a large 
scale by distilling metallic zinc in a current of air. The vapors 
catch fire and burn with a bluish flame, yielding white fumes of 
zinc oxide (French process). In New Jersey zinc oxide is made 
directly from the ore. This is reduced to metal by means of an¬ 
thracite coal in the usual way; but the vapors escaping from the 
top of the furnace, instead of being condensed, are mingled with 
an excess of air, and burn directly to oxide. 
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Zinc oxide produced by either of these two methods is in a 
very finely divided condition — a property which makes it valuable 
as a paint pigment. Enormous quantities are also used as a 
filler for rubber (§ 353) in the manufacture of automobile tires. 
Large quantities are consumed in the manufacture of enamels and 
glazes and laboratory glassware (§408). The total production of 
zinc oxide, in the United States alone, now amounts to more than 
100,000 tons a year. 

654. Paints and Paint Pigments. —The use of zinc oxide as a 
paint pigment calls for a few words concerning paints and paint 
pigments in general. A good paint consists of at least three ingre¬ 
dients: . * 

First, an opaque pigment or body, having great capacity for 
reflecting the light, and consequently great capacity for covering up 
and hiding the surface on which it is spread. The best substances 
for this purpose' are basic lead carbonate (§ 580), basic lead sulfate 
(§ 580), and zinc oxide. 

Second, an inert filler or extender, such as barium sulfate, 
chalk, or China clay (§ 483). Such a substance' in itself has no 
great, “ covering power ”; but it may be added to the main pig¬ 
ment in a small proportion, to prevent the latter from being 
spread out too thin, and in some cases to make it cling better to the 
surface on which it is spread. 

Third, a vehicle, or medium— a drying oil (§ 302). The pig¬ 
ment and filler are incorporated in this by means of special grind¬ 
ing machinery, that reduces the particles to the utmost possible 
degree of subdivision, and produces a homogeneous, viscous mass 
needing only to be thinned with a small amount of turpentine, 
boiled linseed oil, or naphtha (§ 352) to be ready for use. The 
vehicle must dry by oxidation within a reasonable time, and must 
be free from more than traces of acid. Pure linseed oil is best, 
though the admixture of a small amount of turpentine is per¬ 
mitted. 

In addition to these three constituents, a colored pigment 
needs to be added if the paint is to be of any other shade than 
white. 

Among the opaque pigments, each has some special virtues. Zinc oxide 
is pure white, is non-poisonous, and will not darken when exposed to air con¬ 
taining hydrogen sulfide (since ZnS also is white). But zinc oxide paints have 



ZINC 


559 


the disadvantage of drying in films that tend to blister and peel off. The white 
lead paints have the opposite failing, tending to become chalky, and hence 
easily rubbed off, after long exposure to the air. Another disadvantage of 
this chalky texture is that it hinders the removal of dirt by sponging. Zinc 
oxide paints are distinctly inferior to white-lead paints in covering power. 
Because of its cheapness, however, zinc oxide has been used to a large extent 
as an adulterant of white lead. Paint manufacturers are now required by 
law to state the composition of their products. 

566. Uses of Zinc Salts. —All zinc .salts are poisonous. A solu¬ 
tion of zinc chloride is thus list'd for treating railroad ties, to dis¬ 
courage the growth of wood-destroying fungi. We have already 
mentioned the use of this solution as a solvent for cellulose and in 
preparing fiborloid (vulcanized fiber, § 370). Zinc sulfate solution 
/ is a mordant in cotton printing ($372). It is*brushed over sur¬ 
faces of cement or plaster to close the pores in preparation for 
painting, and is used as an antiseptic in making up glue solutions. 

Lithopone (or albalith) is a mixture of barium sulfate and zinc 
sulfide formed by double decomposition: 

ZnS( ) 4 +UaS=BaSOi 1 +ZnS j . 

The mixture of the two insoluble salts is reduced to an extremely 
fine state of subdivision by a special treatment involving heating 
to redness and quenching in cold water, and makes a serviceable 
pigment in dull or flat-finish white paints, for interior decoration. 

666. Chemical Characteristics of Zinc. —Zinc is a typical heavy 
metal, forming salts which are of considerable stability in the dry 
anhydrous condition, but which are somewhat readily hydro¬ 
lyzed by water. Solutions of zinc salts of all the active acids 
accordingly redden blue litmus: 

ZnCb+HOII ^ Zn(OH)Cl+HCl. 

On evaporating such a solution, the acid will often be volatilized, 
and the basic salt left behind; or, if the water lost by evaporation 
is continually replaced, the final result may be a colloidal solution 
of zinc hydroxide. 

The fact that zinc oxide dissolves in dilute acids to form salts 
(sulfate, nitrate, acetate, etc.) shows it to be of a definite base¬ 
forming character. On the other hand, it is easily dissolved by 
strong bases, forming so-called zincates. The dissolving of zinc 
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oxide (or zinc* hydroxide) in sodium hydroxide is commonly formu¬ 
lated : 

ZnO+2Na()Il =N;i,.Zn()-,+H->0. 

Sodium silicate 

Nevertheless, there* is evidence that we have* here, in part, to deal 
with a case of colloidal dispersion or peptization (§ 390) and nyt 
with the* formation of a definite* chemical compound at all. 

657. Analytical Tests for Zinc. —There! is no characteristic 
color test by \vhic*h zinc compounds may be* identified in solution. 

(1) But if other heavy metals are absent or have been removed 
by appropriate precipitating agents, zinc may be recognized by the 
white precipitate , «ZnS, which it gives with 1 hydrogen sulfide, in 
alkaline, neutral, or faintly acid solutions. (Write equation.) 
This miction is r(*ve*rsible, and if the* solution contains even small 
concc'ntrnfiems of the more active acids (such as HC1) zinc will fail 
to precipitate*. In such a case, the* hvdre>ge*n ion concentration 
must be redue*e*el by the addition e>f sexlium acc'tate. 

(2) Zinc is also oceasieinallv identified in neutral solutions, in 
the absence e>f iron (§ 505), or large* quantitie*s e>f copper (§ 537), 
by the white precipitate of zinc ferrocyanide* which zinc salts give 
with potassium fe*rrecyanide solution. (Write* e*quation.) 

(3) Ane>the*r test fe>r zinc depends on the fact that when a zinc 
erompemnd is rnixe*el with soeliuin carbonate, moistened with a solu¬ 
tion containing a mere trace of cobalt nitrate, anel fuse*el on platinum 
or charcoal, a characteristic green color is produceel, commonly 
assume*el to be cobalt zine*ate (Rinmann’s green). Cennparc with 
the test for aluminum (§ 480). 

Na 2 C< > ;{ +(\,(NO:UL* = Co(Tb +2NaNO :j , 
CeiCOa+ZnCOa = Co(Zn( ) 2 )+2C0 2 . 

Cobnlt 


CADMIUM 

558. Occurrence, Preparation, and Uses. —Cadmium occurs in 
small quantities in almost all ores of zinc, anel is obtained as a by¬ 
product in the smelting of the latter. It is somewhat more veila- 
tile than zinc and is therefore collected very largely in the first 
portions of metal to distil from the* zinc reduction furnaces. By 
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repeated fractional distillation, followed by solution in sulfuric 
acid, and electrolysis of the sulfate solution thus prepared, the 
cadmium may be obtained pure. If the demand were sufficient, 
several thousand tons of cadmium could thus be obtained each 
year from zinc now mined. 

Metallic cadmium is chiefly used for making low-melting alloys 

for electric fuses and automat ic sprinkling 

systems for fire-control. An alloy calk'd 

Wood’s metal (50 per cent Bi, 25 per cent 

Pb, 12.5 per cent Sn, 12.5 per cent. (M) 

melts at (55° (\ (’arefully purified cadmium 

is used in standard cells (for measuring 

electromotive force). Cadmium sulfide is 

« . 

a fine lemon-yellow pigment, used in paints 
and art ists’ colors. 

569. Chemical Characteristics of Cad¬ 
mium. —Cadmium resembles zinc in being 
bivalent (§ 119) in all its compounds. Its 
hydroxide, like that of zinc, dissolves in 
an excess of ammonium hydroxide; but, 
unlike zinc hydroxide, fails to dissolve in an 
excess of sodium hydroxide'. Cadmium sulfide', unlike zinc sulfide, 
is precipitates! by hydrogen sulfide* in solutions containing elilute 
HC1 or ICSO.t (about N,4). Cadmium salts are le*ss readily 
hydrolyzed than those erf zinc, and solutions e*ontabling them are 
generally neutral toward indicators. 



Fkj 126.—An automata 
sprinkler. A pointed 
plug of cadmium alloy 
melts at. about 05° C., 
and releases a jet of 
water. 


MERCURY 


660. Occurrence, Preparation, and Purification.— The chief 
producers erf mercury, in the orde*r nameel, are the United States, 
Spain, and Austria. The principal ore is cinnabar, or mercuric 
sulfide, IlgS, which forms dark ml crystals. When this is roasted 
in a current of air, the sulfur is burned away, while the mercury 
vapors may be condensed ami collected as liquid metal. Some¬ 
times the ore is heated with quicklime in closed retorts, forming 
calcium sulfide, metallic mercury, and oxygen. 

561. Uses of Metallic Mercury. —Metallic mercury is used in 
barometers, thermometers, and high-vacuum air pumps, in 
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extracting gold from its ores (§ 547), and in preparing deiital 
alloys. The largest refracting telescope in the world, weighing 



Fig. 127.—Purifying 
mercury. A fine 
stream of mercury 
is sprayed through 
a column of dilute 
nitric acid, contain¬ 
ing a little mer¬ 
curous nitrate. Me¬ 
tallic impurities 
above mercury in 
the electrochemical 
series are dissolved. 
Note how the short 
cplumnof mercury, 
itfthe siphon at the 
bottom of the ap¬ 
paratus, balances 
the long column of 
nitric acid. Mer¬ 
cury may also be 
purified by distilla¬ 
tion in a vacuum. 


95 tons, at the Mount Wilson observatory in 
Southern California, is balanced in metallic 
mercury and is thus very easily manipulated 
in spite of its great weight. 

An alloy of mercury with any other met'al 
is called an amalgam. Sodium amalgam is 
used as a reducing agent in preparing a num¬ 
ber of important organic compounds. The 
mercury arc lamp makes use of the fact that a 
bluish light, rich in iiltra-nviolet rays, is emitted 
when an electric discharge t akes place through 
mercury vapor. Mercury arc rectifiers are 
in common use in automobile service stations, 
for charging storage batteries. 

562. Some Important Compounds of Mercury.— 
Calomel, or mercurous chloride, HgCl, is a white in¬ 
soluble salt, sometimes given in small doses as an in¬ 
testinal antiseptic in cases of digestive! derangement. 

Corrosive sublimate, or mercuric chloride, HgCl., 
in contrast to calomel, is readily soluble in water, 
and is an exceedingly dangerous poison. A solution 
containing one part mercuric chloride* in a thousand 
of water is used externally as a sterilizing wash in 
surgical technique. Somewhat stronger solutions are 
used for preserving botanical and anatomical sj>eei- 
mens. Large quantifies of mercuric chloride are used 
for disinfecting and preserving the materials used in 
the fur and felt-hat industries. 

Mercuric sulfide is black when made by precipita¬ 
tion or by rubbing sulfur and mercury together; but 
it becomes a bright red when sublimed or when 
digested with a solution of an alkali sulfide. In the 
red form it is identical with the mineral cinnabar, 
and has been used for centuries as an artists’ pigment, 
under the name of vermilion. 

Mercuric fulminate, IIg(OCN) 2 , is a white pow¬ 
der, used universally as a primer in small-arms am¬ 
munition. This explodes when struck, and the con¬ 
cussion sets off the main charge of smokeless powder 
(nitrocellulose, § 370). Mercury is a constituent of a 
number of important synthetic drugs. 


Mercuric iodide, Hgl 2 , an insoluble red or yellow salt, dissolves in an excess 


of potassium iodide solution to form a soluble eomplex salt, potassium mer¬ 


curic iodide, K 2 HgI 4 . Mercury, here, is in the complex anion (Hgl 4 )—. 
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563. Precautions in the Use of Mercury and Mercury Salts.— 
All soluble mercury salts are extremely poisonous. With corro¬ 
sive sublimate, the fatal dose may be less than 200 mg. The 
antidote is milk or raw white of egg, which precipitates insoluble 
mercuric compounds—so-called mercury albuminates. 

Quantities of mercury far too small to produce immediate mani¬ 
festation of poisoning are distinctly dangerous, because they are 
retained almost indefinitely in the system and, by accumulation, 
may lead to chronic mercury poisoning—a disorder marked by 
ulcerous inflammation of the gums and other loathsome symp¬ 
toms. 

Whenever the le|st amount of metallic mercury happens to be 
spilled in the laboratory, it should be swept up immediately. If 

permitted to lie around, it will become more and more finely 
divided, the droplets being prevented from reuniting by a layer of 
adsorbed dirt or grease. Presently a stage of subdivision may 
be reached which will permit the metallic particles to float in 
the air. 

Never pour solutions of mercury salts into the laboratory 
sinks. They will ruin the lead plumbing. A waste-jar, con¬ 
taining granulated zinc, should be provided. 

664. Chemical Characteristics of Mercury. —Although mer¬ 
cury is in the same column of the periodic table with zinc and 
cadmium, its chemical properties relate it rather to copper. Thus, 
like copper, it fails to dissolve in dilute non-oxidizing acids,* 
but is readily brought into solution by nitric acid or hot concen¬ 
trated sulfuric acid. Like cropper, also, mercury forms two series 
of salts, in which it is respectively univalent and bivalent; but 
mercurous salts have been prepared in many cases in which the 
corresponding cuprous salts are either unknown or decomposed 
by water.- ^ 

1. Mercury salts of both types are easily hydrolyzed, and their 
solutions accordingly have an acid reaction. In fact, solutions of 
mercurous-nitrate and mercuric nitrate in dilute nitric acid, on 
being diluted with water, precipitate insoluble basic salts: 

2HgN0 3 +H0H^Hg2(0H)N0 3 1 +HN0 3 . 

* Mercury dissolves in hydriodic acid, because of the stability of the 
Hgl, anion (§562). 



564 


ZINC, CADMIUM, AND MERCURY 


On boiling dilute solutions of mercuric salts, hydrolysis occurs, and 
mercuric oxide is thrown down. No hydroxide or carbonate of 
mercury is known. 

2. Mercurous chloride and mercuric chloride, on being treated 
with ammonium hydroxide, both yield white mercuric amido- 
chloride , HgNH^Cl; but in 1 lie former case 1 he precipitate is 
colored black from the separation of metallic mercury in finely 
divided condition—a fact used to distinguish HgCl from AgCl 
(§ 542 item 2): 

,NH, 

211 gCl+2N11;? = 11 g< + IIg+NIl 1 Cl. 

Slack it 

\N Int<* 


,NI1,. 


HgCl2+2NTl:; - Hg< 


-| MLiCl. 


Vl 


Other mercury salts form similar compounds fas IIg(NITi!)N 03 ) 
when treated with ammonium hydroxide. 

3. Mercuric salts are easily reduced to mercurous salts by con¬ 
tact with metallic mercury: 

TlgSt ).i + Ilg <=> HgjSt).}. 

If a small amount of stannous chloride is added to a solution of 
a mercuric salt, the latter is reduced, and a white precipitate of 
calomel thrown down: 

2Hg( , b+SnCb = Sn( , l,+2IIg( 1 l I . 

(Excess) 

But if the stannous chloride is used in large excess, the precipitate 
will be gray or black, from separation of metallic mercury: 

HgCl.+SnCl^SnCb+TIg 1 . 

(Excess) 

4. The halides and sulfides of mercury sublime when strongly 
heated. Mercuric chloride is so volatile, indeed, that it parses off 
with the steam when its solution is boiled. When mercury salts 
containing oxygen arc ignited, they are decomposed, liberating 
metallic mercury. 
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EXERCISES 

1. Write equations for roasting and reduction of a zinc sulfide ore. 

2. Give balanced ionic equations for the following: 

(a) Liberation of hydrogen by action of zinc dust on an alkali. 

(b) Precipitation of silver from a solution of sodium argent icy an ide by 
metallic zinc. 

(<*) Testing for zinc in a zinc sulfate solution by potassium ferrocyanide. 

(d) Precipitation of zinc as zinc sulfide from an acetate solution. 

(c) Purification of a zinc chloride solution containing a small amount 
of cupric chloride. 

3. What methods, other than galvanizing, are in use for protecting iron 
and steel against corrosion? 

4. A solution containing copper, zinc, and cadmium sulfates is electrolyzed, 

with a gradually increasing electromotive force. In what order will the metals 
be deposited? State tin* principle involved (§ 127). • 

f>. What weight of spe'ter will lx* needed to galvanize a ton of sheet, stool, 
assuming no loss, the average thickness of the coating on each surface of the 
sheets being 2 per cent of tin* thickness of the sheets themselves? Sp. gr. of 
steel is 7.85 and of zinc is 7.05. 

b. Zinc is sometimes brushed over with a solution of cupric acetate, in 
order to roughen its surface, in preparation lor painting. State the chemical 
action involved. 

7. The quality of galvanizing on sheet metal is sometimes estimated by 
treating a known area with concentrated hydrochloric acid, containing a 
little SbCl ;i , and noting the volume of hydrogen evolved. The acid dis¬ 
solves the zinc very quickly, but attacks the underlying steel only very slowly. 
In one such test, an area of 20 sq. cm. yielded 220 c.c. of hydrogen gas, meas¬ 
ured over water at 20° O. and 740 mm. pressure. Calculate the weight of 
zinc on the surface, in grams per square meter. 

8. Sphalerite is roasted, using 50 per cent more air than is needed. Cal¬ 
culate the percentages of O a , SO» and N« in the gases issuing from the fur¬ 
nace. 

9. What is the theoretical percentage of zinc in lithopone? 

10. Describe till' peptization (§ 383) of zinc hydroxide by the caustic 
alkalies. 

11. What must be the price of zinc carbonate, to compete with zinc oxide 
costing 15 cents a pound, for the production of zoic chloride? 

12. From the chemical nature of concrete (§§ 404, 400) and limestone, 
formulate reactions explaining the use of zinc sulfate solutions in preparing 
surface's of such material for painting. 

13. What property of zinc salts makes zinc sulfate useful as a mordant? 

14. With zinc oxide at 15 cents a pound and commercial 40 per cent 
hydrochloric acid at 3 cents a pound, calculate the cost per gallon of wood- 
preservative solution, of specific gravity 1.40, containing 00 per cent ZnCl 2 . 
One (l T . S.) gallon of water weighs 8.34 lbs. 

15. A solution of zinc chloride, when evaporated to dryness, leaves behind 
a residue of basic salt, while a solution of zinc sulfate produces crystals of the 
normal salt, ZnSO* ■ 711»(). Explain. 

16. When a few drops of jmtassium ferrocyanide are added to a solution 
containing zinc chloride and cupric chloride, a white precipitate is formed. 
On the addition of a larger quantity of the reagent, the precipitate becomes 
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red. What conclusion can be drawn concerning the relative solubilities of the 
ferrocyanides of zinc and copper? 

17. How does the ready hydrolysis of zinc salts explain the use of zinc 
chloride solutions for cleaning oxidized metallic surfaces, in preparation for 
soldering? In what way is such a solution superior to hydrochloric acid? 

B (668-664). IS. Start ing in each ease with metallic cadmium, how would 
one prepare: the sulfate, carbonate, cyanide, acetate, sulfide, iodide? Write 
equations. 

19. By what single reagent, added to a solution of the acetate of the metal, 
could you distinguish: 

(a) Cadmium from zinc; 

(b) Cadmium from magnesium; 

(e) Zine from magnesium; 

(d) Cadmium from aluminum; 

(<?) Cadmium from silver? 

Write equations. , * 

20. What, metals will be removed from metallic mercury by trickling it 
through a solution of mercurous nitrate? Illustrate by an equation. 

21. (live equations for: 

(а) Preparation of calomel by precipitation. 

(б) Preparation of mercuric iodide by precipitation. 

(c) Dissolving metallic mercury in hot concentrated sulfuric acid. 

(d) Reduction of corrosive sublimate to calomel, by metallic mercury. 

(c) Decomposition of mercuric nitrate; by heat. 

22. What connection is there between the, ready hydrolysis of mercury 
salts and the fact that no carbonate of mercury has ever been prepared? 

23. What compound is precipitated on adding sodium carbonate to a solu¬ 
tion of mercuric chloride. Write equation. 

24. Whenever a chemical substance exists in two different forms, the 
unstable one is the more volatile and the, more soluble of the two. Apply 
this principle to explain the conversion of black mercuric sulfide into the 
stable red form by sublimation or by warming with an alkali sulfide. 

25. Calomel is made commercially by subliming a mixture of mercuric 
sulfate, mercury, and common salt. Write the equation involved. 

26. With the help of the replacement series, explain the destruction of lead 
plumbing by solutions of mercury salts. 

27. Describe remedial measures to lx; taken in case of poisoning in the 
laboratory by chlorine, arsenic, mercury, cj'anogen, hydrogen sulfide. 

28. Mercurous sulfate, (a slightly soluble salt) is made by electrolyzing 
dilute sulfuric acid, with a platinum cathode and a mercury anode. Write 
electronic equations to represent the changes at the two electrodes. 

29. In the preceding problem, calculate the weight of mercurous sulfate 
formed in one hour by a current of 1 ampere (§ 425). 
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Carbon and silicon, at the head of Group IV A in the periodic table, are 
typical non-metals. Germanium, next lower down, is still predominantly a 
non-metal, with some faint indication of metallic properties. Tin is on the 
border line between metals and non-metals; for its oxides dissolve in acids to 
form true tin salts (nitrate, sulfate, acetate, etc.), as,well as in alkalies to 
form stannites and stannates (§ 569) in which tin forms part of a non-metallic 
radical. Lead behaves in much the same way, but is predominantly metallic. 


TIN 


665. Occurrence. —Tin generally occurs as cassiterite or tin¬ 
stone (stannic oxide, Sn(> 2 ). It is an unusually heavy mineral, 
having a density (7.0) almost equal to Unit of metallic iron. It 
occurs in alluvial sands, in many parts of the world, as rounded 
lumps, colored brown or black by oxides of iron; and occasionally 
in veins in association with t ungstates and various metallic sulfides. 


The world now produces and consumes above 100,000 tons of metallic tin 
each year. About t wo-thirds of this now comes from the Dutch East Indies 
and the neighboring Straits Settlements—a British colony at the tip of the long 
peninsula that reaches down into tropical waters from the southeastern extrem¬ 
ity of the Asiatic continent. Chinese coolies are there employed by the 
hundred thousand,' working over the alluvial sands, by primitive methods 
that in most other parts of the world have long since been supplanted by the 
steam shovel and centrifugal pump. 

Bolivia produces about a fifth of the world’s supply of tin, from mines sit¬ 
uated at altitudes exceeding those of any of the peaks of the Rocky Mountains 
or Alps. Tasmania, just south of Australia, is another important source, as is 
Cornwall, on the southern coast of England. 

The United States, which leads the world in the produel ion of petroleum, 
coal, iron, copper, aluminum, silver, zinc, mercury, and lead, produces prac¬ 
tically no tin at all. Yet there are other metals that could l>e substituted for 
tin in most of its applications. In case of need our demand could probably 
be reduced very considerably. 


666. Metallurgy of Tin. —Metallic tin is prepared by a very 
simple metallurgical process: (1) The ore is crushed and given a 
preliminary concentration by washing with water. (2) It is then 

567 
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roasted to remove sulfur and arsenic and passed through a mag¬ 
netic sepantor to free it from magnetic iron oxide. (3) The pur¬ 
ified material, now consisting largely of stannic oxide, is reduced 
by coal in a reverberatory furnace or small blast furnace. The 
process is chemically very much like that used for the production 
of zinc (§ 551); bid tin, though it melts at about the same temper¬ 
ature as zinc, is much less volatile. It is therefore tapped off at 
the bottom of the furnace in liquid form, instead of distilling off 
as vapor. 

It is necessary to refine the tin thus obtained, by reheating on a 
'sloping hearth with a sufficient supply of air to remove some of the 
more readily oxidizable elements, such as zinc and lead. The 
purified metal is drained away and cast into bars (block tin); 
and the impure residue, or dross, resnielted with a fresh supply of 
ore. 

567. Properties and Uses of Metallic Tin. Tin lies just above 
hydrogen in Ihe electrochemical series. It decomposes water vapor 
at temperatures above its melting point, forming tin dioxide, and 
liberating hydrogen; but at room temperature the action is imper¬ 
ceptible. Metallic tin may be exposed to moist air for years, with¬ 
out tarnishing in the least. 

Most of tin 1 uses of metallic tin depend on this non-tamishing 
quality, on the fact that it may be rolled out into thin sheets at 
the temperature of boiling water, and on its low melting-point. 
(1) Tin cans are made from tin-plate, i.e., sheet steel which has 
been carefully denned, and dipped into molten tin. (2) Enormous 
quantities are used in the form of tin-foil for wrapping chewing- 
gum and confectionery. (3) Block tin is used in the chemical 
laboratory for condenser tubing, in work requiring dist illed water 
of unusual purity. Steam condensed in tubes of ordinary soft 
glass, in absence of CO- 2 , commonly dissolves enough alkali to color 
phenolphthalcin. (4) Most low-melting alloys contain tin. 

Solder is an alloy of about equal parts tin and lead. This adheres to 
metallic surfaces better than pure lead, for it oxidizes less readily. Tin alone 
would serve, but would be needlessly expensive. 

Babbitt metal is tin, alloyed with a few per cent of antimony and copjier. It 
retains a smooth surface when worn, and accordingly is used as a bearing 
metal, to retain the ends of rotating shafts. 

Bronze is an alloy of tin and copper (§ 532). For the uses of tin compounds, 
see § 570. 
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568. Allotropic Forms of Tin. —Considerable practical interest 
attaches to the fact that the common (tetragonal) form of tin, 
capable of being rolled into sheets, is stable only within the tem¬ 
perature range 18° to 170° C. Below 18° (■. it may go over into a 
brittle allotropic form called gray tin, the transformation being the 
more rapid the lower the tom pc rat ure. 'Thus, in very cold weather, 
tin roofs and organ pipes have frequently crumbled to powder: 
Moreover, at temperatures above 170° (\, rhombic tin, a third 
allotropic form, is produced. This is brittle enough to be powdered 
in a mortar. 

18° C. 170° C. 

Cray tin y" Tetragonal tin JUiombie tin. 

< Malleable) 

Sp. g. 5.8 0.55 7.25 


The possibility of milking imhistrinl use of metallic tin is thus seen to 
depend on the existence of a malleable allotropic form having a rather limited 
temperature range of stability, that fortunately happens to include room tem¬ 
perature. Not only tin, but most other heavy metals are believed to exist 
in two or more allotropic forms, the case of iron (§ 499) being a particularly 
interesting and important one. Among the non-metals we have noticed a 
similar behavior on the part of sulfur (§ 220), phosphorus (§ 310), and carbon 
(§§ 329, 330). 


669. The Stannous and Stannic Compounds. —Tin forms two 
oxides and two series of sails, in which its valence is respectively 


two and four. The lower stage of oxidation (valence two) is 
represented by stannous oxide (SnO), stannous salts (us Sn(\>), 
and the stannites (ns Na^SnOo). 

The white precipitate called stannous hydroxide, arbitrarily 
(§471) represented by Sn(()ll)i>, is prepared by precipitating any 
stannous salt with an alkali or an alkali carbonate: 


SnClg+NaaCO;j+H 2O = Sn (OII) 2+2N aCl+C0 2 . 

Stannous oxide and hydroxide are amphoteric (§ 473); thus 
they dissolve in acids to form stannous salts, 

Sii(OH)2+2HC1 = Sn( \>+2H()H; 

Stannous 

chloride 


and in alkalies (except NH. 1 OH) to form alkali stannites, 


S 11 (OH) 2 +2N aOl I = N aaSnOo+2HOH. 

Sodium 

Btunmte 
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Stannous salts are produced when metallic tin is dissolved in 
dilute, non-oxidizing acids, in the absence of air. 

Both the stannous salts and the stannites are powerful reducing 
agents. Thus, stannous chloride will easily reduce mercuric 
chloride to mercurous chloride or metallic mercury, being itself 
oxidized to the stannic condition (§ 561); while sodium starmite 
will reduce bismuth hydroxide to metallic bismuth, being itself 
oxidized to sodium stannate. 

Write molecular and ionic, equations for these three reactions. They 
serve as analytical tests for mercury and bismuth, and hence, conversely, for 
•tin. 

The higher stage of oxidation of tin (valence four) is repre¬ 
sented by stannic'oxide (S 11 O 2 ), stannic salt s (SnCL*), and the 
stannates (N aaSnOy). 

Stannic hydroxide is prepared by precipitating a stannic salt, 
with an alkali or alkali carbonate. Dried in the air, this is a 
white powder approximating the composition Sn(OII) 4 . Since 
it combines readily with bases to form salts, stannic hydroxide is 
often termed orthostannic acid, and written H4K11O4. Dried over 
sulfuric acid it loses water and becomes metastannic acid, II2S11O3. 

Another form of metastannic acid, which differs from the 
precipitated material in being practically insoluble in acids and 
alkalies, is prepared by oxidizing metallic tin or tin compounds 
with concentrated nitric acid. 

Write and balance equation for the oxidation of metallic tin with concen¬ 
trated nitric acid. 

Stannic chloride, SnCI-i, is a liquid prepared by treating metallic 
tin with an excess of chlorine. The process is used commercially 
in recovering tin from tin scrap. 

570. Technical Uses of the Compounds of Tin. —The chief 
uses of metallic tin have already been given (§ 567). The most, 
important compounds are S 11 O 2 , Sn( 'I 2 , and Sn( T. 

1. Stannic oxide, SnC> 2 , is conveniently produced by igniting 
metastannic acid, prepared by either of the methods just described. 
It is a white powder, of the same composition as cassiterite. It is 
a constituent of nearly all the brilliant white enamels applied to 
enameled kitchenware and enameled earthenware. 

2. Stannous chloride, SnCl2*2H20, is prepared by dissolving 
metallic tin in hydrochloric acid, and evaporating the solution. 
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It is used as a mordant in dyeing (§ 372), being readily hydrolyzed, 
and depositing Sn(OH) 2 within the fibers. A solution of stannous 
chloride is an important laboratory reducing agent, which must be 
made strongly acid with HC1 to prevent hydrolysis, and kept in 
contact with metallic tin to prevent oxidation. 

3. Stannic chloride, SnCL, is a colorless fuming liquid, pre¬ 
pared by action of an excess of chlorine on metallic tin (detinning 
tin scrap), or on stannous chloride. This, like stannous chloride, 
is used as a mordant. It dissolves in alkalies to form metastan- 
nates: 


SnCli+fitfaOII = Na 2 Sn0 3 +4NaCl+3H 2 0. 

Sodium • 

Mot list minute 

Give an ionic formulation of this reaction. 

Sodium metastannate is used in fireproofing cotton and linen 
goods. The cloth is soaked in a strong solution, then dipped in 
(NH^oSCb. The ammonium metastannate formed is hydrolyzed 
and metastannie acid deposited in the fiber. 

671. Analytical Tests for Tin. —1. Tin is precipitated by 
hydrogen sulfide from acid solutions, as stannous sulfide, SnS, 
or stannic sulfide, SnS 2 , without change of valence: 

SnCl 2 +II 2 S = SnS [ +2HC1, 

Brown 

Sn( , l,+2H«S= SnS* | +4HC1. 

Yellow 

2. Tin cannot be distinguished from arsenic by the preceding 
test, for both the sulfides of arsenic are yellow, and, like SnS 2 , 
dissolve in vellow ammonium sulfide solution. But there are 
several specific tests for arsenic (§ 319); and tin, in the stannous 
condition, may be identified by its reducing properties, and in 
particular by its reactions with mercuric chloride and bismuth 
hydroxide (§ 569). 

LEAD 

672. Occurrence. —The principal ore of lead is galena or lead 
Bulfide, PbS, which is found in large cubical crystals, of a bluish- 
black hue, quite similar to that of the pure metal. Deposits of the 
sulfate, carbonate and chromate of lead are of less importance and 
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arc commonly found in the neighborhood of veins of galena, from 
which they appear to have boon formed by gradual alteration. 

The world’s production of metallic lead has recently been over a million 
tons in a single year—about the same as that of oopf>or or zinc, and second only 
to the production of iron and steel. The United Stales produces about half 
of the total, and Canada about a third; while Mexico, Japan, Great. Britain^ 
and Central Europe furnish noteworthy amounts. 

673. Metallurgy of Lead. —-There are so many different methods 
for the extraction of lead from its ores that any detailed examina¬ 
tion of the subject, would fill an entire volume. Of the processes 
now in use, we shall outline three of the most important: 

(1) The first of these may be employed whenever a lead sul¬ 
fide ore is reasonably free from other sulfides, provided silica is 
also almost absent, or has been removed by concent rat ion. Tne ore 
is first roasted at. a low temperature in a reverberatory furnace 
in the presence of a limited supply of air. By this means a part 
of the PbS is oxidized to Pb() and PbSOj. The temperature of 
the furnace is then raised, when the unchanged lead sulfide serves 
as a reducing agent to reduce the oxidized compounds to metal: 

PbS+2PbO = 3Pb+S< h; 

PbS-f PbSOi = 2Pb+2S< )>. 

(2) In the United States, at least, it is frequently found 
necessary to “ sweet roast ” or “ dead roast ” the ore, i.e., to 
oxidize and remove the sulfur and arsenic completely. A certain 
part of the lead oxide thus produced unavoidably reacts with 
the silica to form a lead silicate. 

2PbS+30 2 = 2Pb0+2S0 2 ; 

PbO+Si0 2 = PbSiOs. 

The completely roasted material is then charged into a small cylin¬ 
drical furnace and reduced at a low red heat, by powdered coke: 

PbSi() :i + (' = Pb+('0 I +RiO a ; 

Silh+UaO = (_ attiOy. 

(3) In an interesting process, occasionally found useful with 
highly silicious ores, galena is reduced directly with iron: 

PbS+Fe = Pb-f FeS. 
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674. Lead Refining. —-The crude lend produced by the pre¬ 
ceding methods always carries a quantity of silver that is worth 
recovering. Moreover, it contains small amount,s of antimony, 
copper, iron, and other metals, which render it hard and brittle. 
The silver is removed as described in § 5-10, item 2. The desilver¬ 
ized lead is cast into anodes, which are suspended in a solution of 
lead fluosilicate, PbSiF«, and electrolyzed (Letts process) in the, 
presence of a little gelatin. The deposit of lead thus obtained, 
oil sheets of previously refined material, is almost perfectly pure; 
since the; various foreign metals either form insoluble, fiuosilicates, 
and are precipitated; or else stand higher in the electrochemical 
series than lead it^elf 4 arid thus of necessity remain behind in the 
electrolyte while the lead is being deposited (§§^22, 531). 

676. Properties of Metallic Lead. —Lead is a soft, gray metal, 
of low melting point and very slight tensile strength. When 
heated near its melting point it becomes soft, as butter, and may be 
pressed through a ring-shaped opening, to form pipe. The same 
property enables the plumber to connect lengths of lead pipe 
by “ wiping ” the joint with a rag covered with the softened 
metal. 

Lead oxidizes slowly in the air, but soon becomes covered with 
a dull gray coating of basic carbonate, which protects it, from 
further corrosion. It is slowly dissolved by most dilute acids, 
forming soluble lead salts, and liberating hydrogen. Even car¬ 
bonic acid will dissolve lead slowly; hence lead pipes may safely 
be used for drinking water only in case the water is found to 
deposit a coating or scale over the interior surface of the pipe. 

Lead is but slowly attacked by dilute sulfuric acid, presumably 
because lead sulfate is an insoluble substance, and tends to 
coat over and protect the surface exposed to the action of the 
acid. 


676. Uses of Metallic Lead. —In addition to its use in plumbing 
and for lining acid chambers, metallic lead is sometimes used as a 
substitute for zinc and tin, for protecting the surface of sheet, steel. 
A number of other uses are suggested in the diagram below. 
Decorative windows, for example, are composed of bits of colored 
glass separated and held in place by lead ribbon. 

Lead forms a number of useful alloys. Its use in solder (§ 567) 
and fuses (§ 558) has previously been mentioned. Type-metal 



574 


TIN AND LEAD 


contains as much as 25 per cent antimony, which gives increased 
hardness and causes the alloy to expand in solidifying,.thus pro¬ 
ducing a casting with well-defined edges. Lead alloyed with 
about \ per cent arsenic has extraordinary hardness, and is used 
for shot. 
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577. Litharge.—Litharge, or lead monoxide, PbO, is the most 
stable and the most important of the several oxides of lead. It 

is a heavy yellow or orange-yellow powder, often distinctly crys¬ 
talline. It is produced by cupellation (i.e., oxidation in a current 
of air) of lead or lead-silver alloy. 

The most important uses of litharge are indicated in the pre¬ 
ceding diagram. We have already described applications in 
refining petroleum (§ 343), and in preparing optical glass (§407), 
enamels and glazes, varnish-driers and vulcanized rubber »'§ 353). 
Mixed with glycerol, litharge forms a thick paste, hardening in a 
few hours, useful for cementing stone and glass. 

Litharge is slightly soluble in water, and its solution is distinctly 
alkaline; but in spite of this definitely basic character, it shows 
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feeble acid traits, in so far as it is able to dissolve in alkalies to 
form plumbites (analogous to the stannites, § 569): 

Pb()+ 2 NaOH=Na 2 Pb0 2 +1I 2 0. 

Give an ionie formulation of this reaction. 

678. Red Lead and Lead Dioxide. —When litharge is healed 

« 

for a long time at a temperature of about 500° C., it unites with a 
further quantity of oxygen, and is transformed into a bright red 
powder, Pl) 3 (> 4 , called red lead, or minium. This has the general 
properties and uses of litharge itself, but is, in addition, an oxidizing 
agent. Thus, when minium is mixed with linseed oil, the latter 
is oxidized and hardhned (§ 302)—a property which is applied in 
caulking joints in steam- and gas-pipes. 

Lead peroxide (better calk'd load dioxide*) is a brownish-black 
powder prepared (1) from red lead by electrolytic oxidation or by 
extraction with dilute IINO 3 : 


PbaOt+4HNO a = 2PbfN0 3 ) 2 +Pb0 2 +2H 2 0; 

or (2) by oxidizing a solution of litharge in NaOH, i.e., sodium 
plumbite (§ 577), with bleaching powder or chlorine: 

NaaPbOa+Ca(X % + H a () = 2 NaOII+CaCl 2 +Pb0 2 . 

Lead dioxide is a vigorous oxidizing agent, as is witnessed by 
the fact that it will cause a stream of hydrogen sulfide to ignite 
spontaneously. .Jts chief use is in storage* cells (§ 579). It dis¬ 
solves somewhat in alkalies, forming plumbate solutions: 

Pb() 2 +2NaOH = Na 2 Pb0 3 +H 2 0. 

Sodium 

plumbate 

679. The Lead Storage Cell. —The storage cell, or accumulator, 
contrary to the popular opinion, does not store up electricity, but 
chemical energy, which may be converted into electrical energy at 
will. The most common and successful of such cells has a plate of 
spongy lead, and one of lead dioxide, dipping into a solution of 
sulfuric acid (about 30 per cent H 2 S0 4 by weight). During dis¬ 
charge both electrodes become covered with a deposit of lead sul¬ 
fate; but, when a current is sent through the cell in the opposite 
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direction, the reactions at. the electrodes art' reversed, and the 
plates restored to their original condition. 

Anode OiM-liurKe 

Lead plate Pb -f SOi - ’ —* 1 PbS(Xi (solid)+2e 

('alllode (’harge 

f'alliode Diseliarge 

Dioxide plate PI >( ) 2 +S(), “ +4 H+ + 2e <=> PI>S()., (solid)+2II 2 0 

Anode ('liai Ke 


The direction of the current through the cell, when charging 
or discharging, may he found by recalling that the plate which is 
being oxidized always serves as anode, and that which is being 
reduced as cathode (§ 424). Thus, during discharge, the lead 
plate is oxidized from Pb to PbSO.j (valence increased from 0 to 2). 
In this process the lead plate therefore serves as anode, ir is the 
plate at which the electrons enter the outer circuit or, at which 
the “ current. ” leave# the outer circuit (§ 424). 

The reactions at the surface of the lead dioxide plate are doubt¬ 
less accomplished in several steps, but opinions differ concerning 
the details. The electromotive force of a fully charged cell is a 
little' over 2.0 volts, and decreases slowly during discharge'. When 
it has fallen to about 1.8 volts, if should be recharged. 

680. White Lead.-- -When a solution of a soluble lead salt is 
precipitated with ammonium carbonate, a finely divided, white 
precipitate is produced, normal lead carbonate, Pbr() 3 . When 
this is stirred up with lead hydroxide, in the presence of a little 
water, a reaction takes place which results in a hardened mass of 
basic lead carbonate, approximately pb(0]I) 2 -2Pb(H);. (compare 
with § 449). 


Basic lead carbonate* is an important paint pigment, commonly 
known as white lead. It is sometimes made from precipitated 
lead carbonate, as just described; but the usual method is to 
expose granulated lead or perforated lead plates, for a period 
of a week or more, to the action of steam, carbon dioxide, and 
acetic acid vapor. 


This is an elaboration of the famous Dutch process, many centuries old, 
in which the heat and carbon dioxide were supplied by fermenting manure 
or tan-bark. The acetic acid vapor, in the presence of air, acta on the lead to 
form basic lead acetate, which is then precipitated by the carbon dioxide. 

Sublimed white lead is made by roasting a pluinbiferous zinc ore (i.c., 
ZnS and PbS) in a current of air, and consists of a mixture of zinc oxide a-nd 
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basic lead sulfate. It is said to have all the virtues of the, blended white pig¬ 
ments containing zinc oxide and ordinary white lend (§ 554). 

681. Other Commercially Important Lead Compounds. —When litharge 
or lead carbonate is dissolved in acetic acid, lead acetate is obtained, 
Pb((yLO-ds-IlILO. This salt has a sweet taste (whence the unfortunate 
name, sugar of lead), but is highly poisonous, like all other lead compounds. 
It is sometimes used as a mordant in dyeing cotton cloth. 

When litharge is boiled with a solution of lead acetate it gradually dis¬ 
solves, forming a mixt ure of basic lead acetates, for example Pb(0H)(C 2 H 3 0 2 ). 
This is sometimes us(>d in the manufacture of white lead. 

Lead arsenate (§ 320) is a constituent of sprays for controlling leaf-devour¬ 
ing insects. Lead chromate is an import,ant yellow pigment. 

582. Analytical Tests for Lead. —Any com pound or mineral 
containing: lead may be readily recognized by mixing it with a 
little sodium carbonate, and heating it with a blawpipe in a depres¬ 
sion in a stick of charcoal* A bead of metallic lead is formed, 
surrounded by a ring of litharge, red when hot, and yellow when 
cold. 

Lead in solution (i.e., lead-ion) may be detected by a number of 
simple tests: 

( 1 ) UuS gives a black precipitate, PbS, even in the presence of 
active acids. The precipitate dissolves in boiling dilute HNO 3 
(distinction from IlgS). 

( 2 ) H 2 SO 4 or any soluble sulfate gives a finely crystalline 

white precipitate of PbSO.j. 

(3) Soluble iodides precipitate yellow PW 2 , soluble in boiling 
water or in excess of K 1 (compare with Ilgl 2 , § 502). 

(4) Soluble chromates and dichromates precipitate yellow 
PbCrO-i: 

2Pb(N0 3 )2+K2CT2O7+H2O = 2PbCrO., [ +2KNO3+2IINO3. 

Clive an ionic formulation of this reaction. 

EXERCISES 

1. Write equation for a praetieal method for recovering tin from tin cans. 

2. Write .and balance molecular equations for the reactions that take 
place when metallic tin is boiled with solutions of each of the following: 

UC1, lKbUiOs, UNO,. NhOH, Cud 2 , Fed.,, Ald 3 , Hgd,., SnCl 4 . 
There is a reaction in each case. 

3. Write the preceding equations in ionic form. 

4. (live equations to explain why stannous carbonate cannot be prepared 
by double decomposition in solution. 

5. (live equations to explain the use of the metastannates in fireproofing 
cloth. 
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6. Starting with eassiterite, describe methods for preparing metallic tin on 
a laboratory scale; then, in succession, stannous chloride, stannous hydroxide, 
sodium metastannite. 

7. Write and balance* equations for the reactions that take place when each 
of the following, first in equivalent amount, then in excess, is added to a solu¬ 
tion of stannous chloride: 

NILOTl, NaOII, Na.CO,, ILK. 

) 

8. What are the principal ions present in solutions of stannous chloride 
and sodium stannite respectively? Toward which electrode is the tin trans¬ 
ported, in each ease, when a. current is passed? 

9. Write equations for the roasting of galena in a limited supply of air. 

10. Write equations for the reactions taking place when metallic lead is 
boiled with dilute solutions of each of the following: 

UNO,, HO.HjOj, NaOII, FeCl„ AgN() ; „ H»S0 4 , NallCO,. 

Hi What is meaqt by each of the following: 

Cupellation, roasting, basic salt, minium, plumbiferous ore, sublimed 
white lead, sugar of lead? 

12. Write equations to show what happens when litharge is boiled with 
solutions of each of the following: 

Nitric acid, acetic acid, lead acetate*, bleaching powder, sodium carbonate, 
sodium hydroxide, sodium sulfide. 

13. Sheet lead is sometimes used for lining the wooden crystallizing tanks 
used in the commercial preparation of copper sulfate (§53S). What property 
of lead sulfate makes t his possible? Why would not shoot copper serve? Sheet 
iron or sheet zinc? 

14. Write equations for the successive reactions in the preparation of 
white lead from metallic lead. 

15. White lead has sometimes been prepared by electrolysis of a solution 
of sodium carbonate and sodium chlorate, with lead electrodes. Is the anode 
or cathode corroded (§ 42b)? Assuming lead chlorate to be first produced, 
give formulations of the reactions taking place al the electrodes. 

1(5. When a stick of zinc is hung in a solution of lead acetate, it becomes 
coated with branching crystals, forming a “ lead tree.” Explain. 

17. Write equations for the preparation of lend arsenate and lead chromate 
in several successive steps, starting from litharge, arsenic trioxide, and chromic 
chloride. 
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THE ELEMENTS OF MINOR INDUSTRIAL IMPORTANCE 


Thirty-five elements have been considered in the preceding pages— 
barely more than a third of the total number known. Yet these thirty-five 
represent all the different natural groups of elements, and permit us to fore¬ 
cast the behavior of those that have been reserved for the present chapter. 
The reasons for thus examining a few of the elements with great care, while 
giving all the rest a mere passing glance, are purely practical ones. Jt was felt 
that the student taking chemistry merely as a part of a general education 
would carry away a better understanding of the spirit of the science and the 
nature of its manifold contributions to human welfare, were he permitted to 
concentrate on a few important representatives of the more than eighty 
elemental types of matter. 

The student who purposes specializing in chemistry, however, should learn 
something of the properties of the h*ss familiar elements. The fact that they 
are of minor industrial value to-day signifies nothing. For some of them are 
not so very rare, and, when we have acquired a more thorough knowledge of 
their properties, may become of great importance. Titanium, for example, is 
more abundant than zinc, lead, copper, or any other heavy metal save iron, 
and aluminum; it finds many useful applications quite unknown a very few 
years ago. 

583. The Inert Gases.—' The inert, (or noble) gases are dis¬ 
tinguished from all other elements by the fact that they 
Group 0 f ori n no chemical compounds whatever. They dif- 
He fey furthermore, from the commoner gases, and resem- 

4.00 bln metallic vapors (Hg, Zn) in having but a single atom 

Ne in the molecule. 

20.2 Helium, the lightest of the inert gases (at. wt.= 
A mol. wt.=4.00) was discovered, by means of the spec- 

39.9 troseope, in the atmosphere of the sun, many years 
Kr before it was found on earth. It occurs in cavities in 

82.92 some rare minerals and in a few mineral springs; but its 

Xe most important source is the natural gas wells of Kansas 

130.2 and Texas, which contain up to 2 per cent of the element. 

. Rn The one successful Government plant erected for the 

222.4 production of helium, for filling dirigible ballons, con¬ 
denses the more volatile constituents of the natural gas 

579 
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in liquid-air machines (§ 54), and then by fractional distillation 
separates the helium from the liquid obtained. Helium is the only 
gas which is light enough to compete with hydrogen in buoyant 
effect, and has the inestimable advantage of being completely non- 
combustible. 

Neon is contained in traces (§ 280) in the less readily condens¬ 
able portions of the atmosphere. Its presence then; may be 
shown by admitting a little air into an evacuated tube, containing a 
pair of platinum electrodes, and a little freshly ignited wood char¬ 
coal in a side-limb cooled to —185° (\ All the other gases of the 
atmosphere are at. once adsorbed by the charcoal (§ 327); and, on 
passing a discharge, one obtains the spectra/ lines of helium and 
neon. An electric current passed through rarefied neon gives a 
fine orange-red light, which has boon used successfully in illumina¬ 
tion, in mercury vapor lamps, to counterbalance the disagreeable 
greenish hue that is produced by the incandescent mercury vapor 
alone. Spark-plug testers depend on the saint' principle. 

Argon resembles nitrogen very closely in boiling point and 
other physical properties, bid is distinguished chemically by its 
failure to combine with other elements. Tims, when air is passed 
repeatedly over heated magnesium, the nitrogen and oxygon all 
combine with that element, leaving behind argon, with smaller 
quantities of other inert gases. Remarkably enough argon 
remained undiscovered until 181)3, that is, for more than a century 
after the rise of modern chemistry, in spite of the fact that it. 
makes up over 1 per cent of our atmosphere. At. the present time, 
argon is used only for filling incandescent light bulbs. 

Krypton and xenon occur only in very small quantities in the 
atmosphere. Thus, if the molecules of ordinary air were to file 
past an observer at the rate of one each second, he w'ouid see an 
argon molecule once ('very two minutes, on the average; but a 
krypton molecule only once in about eight months, and a xenon 
molecule once in five or six years. 

Niton, or radium emanation, recently renamed radon, is formed 
by disintegration of radium, the other product being helium 
(§ 586). Radon has all the common properties of the other heavier 
members of the zero group (complete chemical inertness, condensa¬ 
tion by liquid air), but is unstable, its atoms decomposing, with the 
formation of helium and radium-A. In consequence of this activ- 
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ity, radon plows faintly in the dark. Most remarkable is the fact 
that a rather complete study has been made of the properties of 
radon, including the determination of its boiling point, density, 
and rate of decomposition to form radium-A, in spite of the fact 
that there arc; no more t han a few hundredths of a cubic millimeter 
available for study at. any one time. 

584. The Rarer Alkali Metals.—Lithium occurs in nature a‘s 


a lithium mica (§ 402), and to a smaller extent as a 
phosphate or n,lum mo-fluoride. Lithium chloride, 
LiCl, is a very deliquescent salt, used in aluminum 
soldering. Lithium may be distinguished from sodium 
and potassium by the brilliant carmine color which it. 
gives to tlu' Bunsen flame, and by the fact that its 
phosphate and carbonate art' nearly insoluble in water. 

Rubidium and cesium are very rare 1 elements found 
in mineral springs, and occasionally in mica in associa¬ 
tion with lithium. Like potassium, these two elements 
can be precipitated with chlorplatinie acid, giving yellow 
crystalline precipitates, Rb L >Pt( 'l t; , Os^Ptde. 

585. Beryllium. —Beryllium (often called glucinum) occurs in 
nature as beryl, a glueinum-aluminum metasilicate, 
flroup I1A 3 ( ;k ) . Al_>( );} • C)Si(L. This is often colored green by 
CU traces of chromium, and is then known as emerald. 
Metallic glucinum is prepared by electrolysis of fused 
glucinum fluoride', BelL, containing a little sodium flu¬ 
oride to lower the melting point. It is a metal of silvery 
luster, and fails to decompose in water at any tempera¬ 
ture below 100°; but, like aluminium, it dissolves easily 
in NaOII, forming gluciiiat.es, such as Na 2 BeC> 2 . 


Group IA 
Li 

G.04 

Na 

23.00 

K 

30.10 
Rb 
So 45 
Cs 

132.81 


9.1 

Mg 

21.32 

('a 

40.07 

Sr 

87.03 

Bn 

137.37 

Tta 

220.0 


Beryllium has the valence two in all its compounds. 

Hut, though beryllium suits are accordingly like those of mag¬ 
nesium, so far us formula goes, in their properties they more 
strongly resemble those of In valent, aluminum, in the next 
column of the periodic table. Thus, beryllium is precipitated by 
.ammonium hydroxide solution as the gelatinous hydroxide, 
Bc(OII)j, which remains undissolved in the presence of an excess of 
the reagent; while sodium hydroxide first, precipitates the hydrox¬ 
ide and then rcdissolves it, to form the glucinate, NftjBe() s . Compare § 480. 

Beryllium hydroxide differs from aluminum hydroxide in being soluble 
in ammonium carbonate solution, and in being precipitated from solution in 
sodium hydroxide by long boiling. These properties are commonly applied 
iu the separation of beryllium from aluminum. 



582 ELEMENTS OF MINOR INDUSTRIAL IMPORTANCE 


586. Radium — Many of the properties of radium and its salts 
are those that might he expected from its position in the periodic 
table. Thus, radium itself resembles barium, which occupies the 

space just above it, in (Iroup II A, in being a 



silvery white metal (M. P. 700° C.), which 
tarnishes in the air, and acts on water to 
liberate hydrogen. Its volatile salts, like 
those of barium, give characteristic spectral 
bands in t hi' flame. Radium sulfate, and 
radium carbonate, like the corresponding salts 
of calcium, strontium, and barium, are insolu¬ 
ble in water. , 

In some other respects, however, the 
properties of radium are most, unusual. All 
radium salts, and the metal itself, are radio¬ 
active. liy this wo moan that they contin¬ 
uously emit energy, in the form of heat, light, 
and invisible radiations. These radiations are 
able to penetrate sheets of paper, and some of 
them may even pass through thick blocks of 
lead (§ 001). They affect a photographic 
plate, and ionize air, or render it a conductor of 
electricity. Thus, if the gold loaves of an electroscope are caused 
to diverge by a stick of charged sealing wax, a sample of radium 
salt placed near the knob of the instrument will cause the charge 
to leak away, and the leaves to fall together. 


Fig. 128 —Testing a 
gas-mantle Maxi¬ 
mum brightness is 
obtained if the 
mantle contains 
about 09 per cent 
Th( > 2 , and 1 per 
cent Cc0 2 . 


A study of these phenomena, following the discovery of radium 
by Madame Curie, in 19011, soon disclosed some important facts: 

1. The intensity of the phenomena of radioactivity —measured, 
for example, by the rate at which an electroscope is discharged, 
when a sample of radium salt is brought into its neighborhood— is 
proportional to the actual amount of radium present, but is inde¬ 
pendent of its state of combination. A physician buying radium 
for the cure of cancer need not be concerned whether he receives 
the bromide, chloride, sulfate, or the uncombined metal. The 
thing that counts is the quantity of radium element present, 
whether free or combined. 

2. The intensity of the radioactivity, unlike other chemical 
phenomena, is not perceptibly affected by changes in temperature. 
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A sample of radium emits energy at a definite, unchanging rate, 
whether it is plunged into liquid air, or heated in a furnace. Here 
is a phenomenon which man has learned much about, without 
discovering any means for its control. 

3. The intensity of the radioactivity continues for many years 
without perceptible diminution, in apparent contradiction to the 
principle of conservation of energy, which states that no substance 
or combination of substances can continue to give off energy indef¬ 
initely, without deriving an equivalent supply of energy from some 
other source (§ 18). . 

This behavior of radium is a little like that of a man continuing to spend 
money, year after yeu^ without, having any income, lie could do this 
only if lie possessed a considerable reserve capital. Thus, radium is now under¬ 
stood to be in possession of a considerable reserve supply of energy, stored up 
within its individual atoms, which it is gradually expending—consuming itself 
by slow degrees, like a bear in winter. But just as there is a limit to the 
life of a bear, subsisting by such means, so radium itself has a definite span of 
existence, a half of any given quantity disappearing within a space of about 
170') years. Its radioactivity, then—as measured by its ability to affect a 
photographic plate or, discharge an electroscope—does decrease, after all; 
but at, too slow a rate to be easily observable. 


4. The release of the store of energy within the radium atom 
does not proceed continuously, but by separate and successive 
disruptions of individual radium atoms —just as the burden of 
water in a cloud is discharged by individual drops of rain. The 
fragments resulting from these repeated miniature explosions have 
been studied and identified, with the aid of the spectroscope, and 
in other ways. It turns out that one of the products of the radio¬ 
active disintegration of radium is always helium, a perfectly stable 
element,. Other fragments, however, resemble t lit* atoms of radium 
itself in being particles of ephemeral existence, coming to an end 
after a brief or a lengthy average' life. The final products, after a 
number of generations of such elements, at the end of a long series 
of at omit; catastrophes, arc; believed to be atoms of an isotojH; of 
lead. Details will be given in § (H)I. 

687. Sources and Uses of Radium Salts.— Radium is always 
found in nature in association with uranium. Some ore is pro¬ 
duced in Czechoslovakia and Australia; hut the most important 
source of the two elements during recent, years has been the camo- 
tite deposits of Colorado and Utah. Carnotite is an impure potas- 
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sium urano-vanadate (K 20 - 21 -D :j - V^O.s which occurs as a 

cementing material, in sandstones. (’ommonly, such low-grade 
ore is used that about 150 tons art' required for each gram of radium 
—a carload of ore for an amount of radium bromide that might be 
placed on the tip of a pen-knife. The price of radium has recently 
been materially reduced by the opening of new deposits of ore in 
the Congo. It is now about <$75,000 for 1 gram of the pun* ole-, 
ment. This means that a quantity of piui* radium bromide, equal 
ill weight to a postage stamp, may be purchased ior about $2000. 
In practice, radium salts are always put on the market in admix¬ 
ture with the corresjHinding salts of barium. 

When radium is used in sufficient quantities, and with due 
regard to its dangeVous qualities, it has proved of definite value in 
the cure of cancer. Since the total supply of the element is doubt¬ 
less very small, it ought to be reserved for medical uses. A great 
deal has, nevertheless, been employed in luminous paints, for watch 


dials, and the like. These consist largely of a crystalline variety of 


zinc sulfide, with a trace of radium 


salt- though another radio¬ 


active element, mesothorium (§ 001), has recently often been sub¬ 


stituted for the radium. 


When one of the luminous spots on a watch dial is examined 
with a small lens, it is soon that what appears to the nuked eye 
to be a steady glow consists, in reality, of a multitude of tiny, 
separate fhishos. We can count the number of flashes occurring in 
a short interval of time, calculate the number that would occur 


in a period of several years, and then note how much helium gas 
comes into being during the same period, as a result of the decom¬ 
position of the radium. It has boon fouud that the amount of 
helium is very nearly wnat we should expect, on the theory that 
each flash represents a miniature explosion, in which one atom of 
radium is completely disrupted, and an atom of helium produced. 
The helium atoms are hurled off with enormous velocities in the 


successive explosions, and each produces a flash of light, when it 
strikes against a crystal of zinc; sulfide. 

588. The Rare Earths. —Just Mow aluminum in the periodic 
table (§ 1G6) is a set of sixteen elements having very similar prop¬ 
erties. known collectively as the rare earth elements. They 
resemble aluminum in having a constant valence of three— -with 
the exception of cerium, which forms stable salts in valences 
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three and four, and two others that form oxides of a higher valence 
(IV, 5; IAi, 4). 

The rare earths are easily distinguished from aluminum by 
the fact that their oxalates are insoluble in water. They are so 
much alike in their chemical properties that they are separated 
from each other with extreme difficulty. It is possible, however, 
to secure the different- members of the group in reasonably pure 
form, and determine their individual spectra and atomic weights, 
by fractional ciystalli/alion (§97), or by methods I seised upon the 
tact that the rare earth elements of lowest, atomic weight are most 
definitely electropositive (§414) in their behavior. 

The rare earth elements art* not at, all ran* in the sense of being 
hard to obtain for experimental study. In faet, enormous quan¬ 
tities of rare earth oxides are annually obtained as a by-product in 
the manufacture of thorium oxide for the preparation of gas- 
mantles (§ 593). The most important, use of those rare earth 
oxides is in the production of mixed metal, which is an alloy of 
cerium with smaller amounts of the* other rare earth elements. 
It is prepared by electrolyzing their fused chlorides, as has been 
described for calcium (§ 454). Mixed metal, and its alloys with 
iron and other heavy metals, product* sparks when struck. They 
are used in automat ic gas-lighters. 

Cerium fluoride is a constituent of the mixtures with which the 
core's of flaming arc carbons are filled. These art? used as elec¬ 
trodes in the arc lamps employed in plioto-engraving, and produce 
a light especially rich in chemically active (actinic) rays. The 
oxides of neodymium and praseodymium are sometimes used to 
impart a blue color to glass. 
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689. Gallium, Indium, and Thallium. —Distantly 
related to aluminum and the, rare earth elements are 
the three metals gallium, indium, and thallium. 
These occur in minute quantities in zinc blende 
ores (§ 550). They all form salts in which the ele¬ 
ment, lias a valence of three, while indium also shows 
valences of one and two, and thallium of one. The 
basicity of these elements increases with increasing 
atomic weight. Tims, while gallium salts are easily 
hydrolyzed by water, those of indium are not. 
The thallic salts (valence three) an* rather unstable, 
being decomposed on heating, with production of 
thnllous salts (valence one). The three elements in 
this group at. present have no commercial uses. 
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590. The Fourth Group of the Periodic System— Group IVA, 
containing germanium, tin, and lead, and 
group IVft, containing titanium, zirconium, 
cerium, and thorium, arc about equally 
related to C and Si. 

Wc have throughout a constant maximum 
valence of four, manifested in stable halogen 
salts and in oxides of the general formula' 
M() 2 . In group 1\\4 we have, in addition, 
a valence of two, which is the usual valence 
in the ease of lead. Because cerium has a 
constant valence of three ., in addition to four, 
<it has been described in tfie preceding section, 
along with the rare earth elements. 

In this, as in most other groups, metallic 
properties increase with increasing atomic 
weight; though even tin and lead may be induced to enter a non- 
metallic radical (§§ 569, 577). Titanium and zirconium form 
stable salts in which the elements act as metals; but also titanates 
and zirconates, in which they act as non-metals. Thorium, at. 
the bottom of the list is, as one might expect, exclusively metallic. 
It forms thoric salts (valence four), but no thorates. 

691. Titanium. —Titanium occurs in small amounts in a great 
many minerals and soils. The total amount of it in the crust of 
the earth is accordingly very great. The principal titanium 
minerals are rutile, or titanium dioxide, Ti() 2 ; and ferrous titanate, 
FeTiOa. 

Ferro-titanium alloys (ferro-carbon-titanium) are made by the 
reduction of iron-titanium oie with carbon in an electric arc 
furnace, very much as previously described for ferro-silicon (§ 410). 
If carbon must be absent in the finished alloy, a modification of 
the thermite process (§ 478) is employed. Aluminum is melted 
in an electric furnace, and reduces tin* powdered ore, then slowly 
added, to an alloy of iron and titanium: 

4 A1+3Ti0 2 = 2 A1 2 0 ;j + 3Ti. 

The ferro-titanium alloys are used as scavengers (§ 496) in 
the manufacture of steel, since titanium combines readily both 
with nitrogen and oxygen. Titanium seems to be preferable to 
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aluminum for this purpose, since the T 1 O 2 formed readily sepa¬ 
rates as a fusible slag; whereas AI 2 O 3 , being much more infusible, 
remains dispersed through the ingot, and may weaken the steel 
considerably. 

Titanium dioxide, TiO-j, is a white powder prepared by igniting the pre¬ 
cipitate formed when titanic salts are precipitated with sodium hydroxide. 
It has been used as a substitute for Sn0 2 in enameled earthenware, and as a 
filler in oilcloth and rubber. A mixture, consisting of about 25 per cent TiOj,‘ 
precipitated in the presence of 75 i«'r cent H&SO4, is an imjxjrtant. white pig¬ 
ment. 

The sails in which titanium has a valence of three are powerful 
reducing agents. Thus, titanous chloride, TiCfo, is used as a 
bleach to discharge*stains produced by color^ that run in laun¬ 
dering. Other titanium salts are used for staining yellow and 
brown leather, and as mordants in dyeing wool. 

692. Zirconium.—Zirconium occurs in nature as a silicate and as the oxide, 
Zr<)*, found in brazil. The metal itself has been produced by the reduction 
of potassium zirconium fluoride, K.Zrl'V,, by metallic sodium or calcium. At 
present, the element is almost without commercial applications; but the 
oxide, sulfide, and silicate have Im*ch used to some extent as white pigments. 

693. Thorium. —The principal thorium mineral is monazite, 
which is thorium phosphate, in association with the phosphates of 
cerium and the other rare earths. The chief deposit is in the 
monazite sands of the coast of Brazil, although North and South 
Carolina formerly produced considerable amounts. 

The sand is first, subjected to a magnetic separation, and is 
then digested with hot concentrated sulfuric acid The material 
thus decomposed is extracted with cold water, and a limited 
amount of magnesium oxide is added. Since thorium is more 
basic than cerium and the other rare earth elements, this treat¬ 
ment throws down thorium phosphate, Th^PO.*).!, while leaving 
phosphates of the other elements in solution. From this precip¬ 
itate, various thorium salts are prepared and purified by frac¬ 
tional crystallization. 

All thorium salts are radioactive (§ 586). 

Thorium oxide emits a brilliant white light when strongly 
heated; and, for reasons not yet understood, a mixture of thorium 
oxide with 2 per cent of cerium oxide is about seven times more 
luminous still. This fact, is applied in the manufacture of incan¬ 
descent gas mantles (Fig. 128), of which about • 300,000,000 are 
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made each year. The mantles are woven of ramie fiber, and dipped 
into a mixture of thorium and cerium nitrates, with sufficient 
beryllium or magnesium nitrate to give body to the finished prod¬ 
uct. The ash that is left, after the organic matter is burnt off, 
retains the shape of the original woven fabric, and contains CVO 2 
and TI 1 O 2 in the proper proportions. A layer of pyroxylin (§ 870) 
is next applied, to lend the mantle sufficient mechanical strength 
to withstand transportation. 
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694. Germanium. —Germanium is found in a Few rare, sulfide minerals, 
and in zinc blende (§ 5A0). One of the most noteworthy things about it is 
-the fact that its existence, and many of the chemical properties of its com¬ 
pounds, were predicted by Mendelejeft, on the bast's of the periodic table, 
almost twenty years'before its a dual discovery ig 170). It is a gravish- 
whitc element, with a metallic lusler, but is typically noil-metallic in most of 
its reactions. Thus the dioxide, Ge() y , dissolves m alkalies to form german- 
ates, analogous to the stanuates (§ AO!)); but tails to dissolve in acids. The 
two germanium sulfides, GeN and GcSj, have properties analogous to those of 
the two sulfides of tin (g 571). 

696. The Fifth Group of the Periodic System. —In column \B of the 

periodic table, we have a. group of four rare ele¬ 
ments: vanadium, coluinbium, tantalum, and 

protoaetinium. An isotope of the latter is a radio¬ 
active element called brcvium (from its extremely 
brief hie, §001). The best known elements in tins 
group are found to resemble arsenic, antimony, 
and bismuth, in the principal branch of the fourth 
group, m forming compounds in which they mani¬ 
fest the valences three and five. Rut valences 
of two and four are fairly regular also. 

Vanadium oxide is obtained as a by-product in 
extracting radium from curnotite (g ANA). We have 
already noted its use in an alloy steel (§ A01). 

Columbium (sometimes called niobium) occurs in 
association with tantalum. The metal is prepared 
by methods similar to those described below for tan¬ 
talum and lias similar properties, but is less ductile and malleable. At pres¬ 
ent there an* no commercial uses for columbium or its salts. 

Tantalum occurs in nature as lantahe oxide, Ta/h,, in association with 
ferrous and manganous oxide. This is purified by fusion with K11S() 4 , 
dissolved in HF, and precipitated as potassium fluotantalate, K,TaF 7 . Metal¬ 
lic tantalum is prepared by electrolysis of fused potassium fluotantalate or an 
aqueous solution of ammonium tantalate. It has many of the valuable qual¬ 
ities of platinum: hardness, malleability, ductility, resistance to rus+, and 
extremely high melting-point (2850° O., compared with 1750° O. for Pth 
Before the introduction of drawn tungsten (g 599) tantalum was much used 
for filaments ior incandescent lights. It. would be verc serviceable for sug- 
gieal instruments, but in such applications would have to compete with a 
much cheapen material, stellite (§ 520). 
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696. The Sixth Group of the Periodic System.— The two Brandies of 


Group VI are very distantly related to each other. 
Group VI The elements m both branches are indeed alike in 
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forming oxides of the formulas 110 2 and ltO s ,* 
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principal branch (VIA) selenium is completely 
non-nietallic, and tellurium almost completely so; 
while in the sub-branch (VI B) chromium, molyli- 
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sulfide ores. Their chief commercial source is thus 
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the dust that accumulates in the flues of pvrite 
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burners, in the manufacture o£sulfuric acid (§ 240). 


Tellurium in addition occurs in association with 


gold, silver, lead, etc., as minerals of variable composition (“ gold telluride,” 

8 5-17). 

Many of the properties of these two elements may be anticipated from 
their relationship to sulfur. Selenium, like sulfur, occurs in a number of 
different allotropic forms. The electrical conductivity of one of these forms 
is very much increased after exposure to light for a few seconds. Mod¬ 
erately successful attempts have been made to utilize this property in photo¬ 
electric cells, for reception of signals transmitted by a beam of light. Selenium, 
like sulfur, combines directlv with many metals and non-metals, though the 
selcnides thus produced are, in general, less stable than the sulfides. Selenium 
oxychloride, SeOAT., promises to be a useful solvent for dissolving resins and 
other substances, insoluble in water and organic solvents. Elementary selen¬ 
ium is used in ruby-colored glass (§ -111). A very small percentage, in alu¬ 
minum or copper, hardens these metals very considerably. 

Tellurium has properties very similar to those of selenium, but show’s faint 
indications of metallic properties, in that the dioxide, TcOg, dissolves in nitric 
acid to form a nitrate Te(N()„) 4 . 

598. Molybdenum. —Molybdenum occurs in nature chiefly 
as lead molybdate, PbMo(> 4 , and as molybdenum disulfide 
(molybdenite), MoS 2 . The sulfide ore is roasted and extracted 
with sodium hydroxide, forming sodium molybdate, NaaMoO-i. 
This solution is acidified with nitric acid, when molybdic acid, 
HaMoCVIhO, separates. This may be dehydrated by heating, 
to form molybdic anhydride, or molybdenum trioxide, M 0 O. 1 , 
a yellowish-white powder. This is purified, and reduced with 
hydrogen in an electric furnace, giving metallic molybdenum. 
The met til may also be prepared by the thermite process (§ 478). 

Molybdenum is a silvery-white metal and is malleable and 
ductile when hot. It is used for the supporting wires over which 

* But O-Oa and ScOj arc unknown. 
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the tungsten filaments are looped, within incandescent light bulbs. 
Its ductility and high melting-point (2500° C.) make it useful in 
winding small electric furnaces, which may be operated up to 
about 1600° C.; but at such high temperatures it needs to be 
protected very carefully against oxidation, by passing a stream 
of hydrogen through the jacket surrounding the winding of the 
furnace. * 

Molybdenum is non-metallic in its chemical properties; for the lower 
oxides, M 2 0 3 and MO., form no stable salts excepting halides. The oxide 
MoO» is the anhydride of molybdic ac id, H 2 Mo0 4 II 2 (), of which a number of 
salts are known. But many of the soluble molybdates are of a rather complex 
composition. Ammonium molybdate, for example, prepared by evaporation 
of a solution of molytylcnum trioxide in ammonium hydroxide, approximates 
the composition 5(NH4)«Mo(V7Mo0.i. This is used at- a reagent for the 
precipitation of phosphates (§ 315). 

699. Tungsten. —Tungsten occurs as calcium tungstate (scheel- 
ite) CaWCU, and ferrous-manganous tungstate (wolframite), 
[Fe, Mn]W 04 . By fusion of these minerals with sodium car¬ 
bonate and extraction of the fused mass with water, it is possible 
to prepare sodium tungstate, Na 2 W (>4 ■ 2 II 2 O. Acids precipitate 
white tungstic acid, II^WCVI^O, from solutions of this salt. 
Tungstic acid loses water on being heated, giving tungstic anhy¬ 
dride, WO 3 , which may be reduced to metal by heating in an 
electric furnace in a current of hydrogen, as described for molyb¬ 
denum. 

Metallic tungsten, t hus produced, is a heavy gray powder, which is molded 
into bars by hydraulic pressure 1 , then sintered in an electric furnace, and 
mechanically worked at a high temperature. The particle's e»f the original 
metallic powder are thus very gradually elongated, until the bar, now become 
a slender rod, acquirer a fibious st ructuro, anel is very tough and stremg. When 
it has l>oen drawn down to very fine wire, it has a tensile strength equal to 
that of soft steel. Some of the filaments ne»w produced for incanelescent 
lamps have a diameter scarcely a fifth of that of a human hair (0.01 mm.). 

Tungsten, like molybdenum, can be used for winding electric 
furnaces, for it has the highest melting-iioint of any of the metals 
(3540° C.). Tungsten, like molybdenum, is non-metallic, the 
lower oxide, W0 2 , having no basic properties. Sodium tungstate, 
Na 2 W 04 - 2 H 20 , is used for fireproofing cotton goods. 

600. Uranium. The most important uranium mineral is 
camotite, alieady mentioned as a source of radium (§ 587). 
Uranaau oxide, obtained as a by-product in the extraction of 
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radium, is used in the preparation of uranium glass. This has a 
greenish-yellow fluorescence, due to the lengthening of the wave 
length of a part of the invisible ultra-violet rays contained in 
ordinary white light. Uranium has been used occasionally in 
steel making, but is of no special importance. 

Uranium forms a series of uranous salts, such as uranous sul¬ 
fate, U(S 0 4 ) 2 - 4 H 2 0 , in which it has a valence of four. But • 
it also forms a series of basic salts, called uranyl salts, such as 
uranyl nitrate, UOaCNOa^ • 6 H 2 O, in which it has a valence of 
six. These contain the uranyl group, UO 2 , which plays the part of 
a bivalent metal. 

The metallic conduct of uranium places ( it in rather sharp 
contrast to its relatives, molybdenum and tungsten, which are 
non-metallic in all their chemical properties. 

The uranyl salts are yellow in color, and, unlike the uranous 
salts, possess a greenish fluorescence. The salts of both series, 
however, and metallic uranium it»clf, resemble the salts of radium 
and thorium in being radioactive (§ 586). Uranium is, in fact, 
an unstable element, decomposing slowly with the production of 
radium. This accounts for the fact that all uranium ores con¬ 
tain radium. 

601. The Laws of Radioactive Change. —Review § 586. The 
peculiar properties possessed by the radioactive elements—their 
ability, for example, to affect a photographic plate wrapped in 
black paj>cr, or to cause air to become a conductor of electricity, 
or to make certain minerals glow in the dark—was early found 
to be due to the fact that they emit invisible rays or radiations. 
These travel in straight lines, after the fashion of ordinary light, 
but are able to penetrate slight thicknesses of paper, wood, or even 
metal. As soon as a sample of a substance emitting these rays is 
placed in a magnetic field, it is observed that a part of the rays 
are deflected, or bent aside; some, indeed, to the left, but others 
to the right. This means that some of the rays carry positive 
electrical charges and others negative. A third type of rays, 
arising in many of the best-known cases of radioactivity, is quite 
unaffected by a magnetic field. 

Alpha-rays .—The three types of rays differ in other important 
respects. The first type (the alpha-rays) are now known to con¬ 
sist of doubly positively charged helium atoms (He ++ ), some- 
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timos called alpha-particles. Those are hurled ofT from the radio¬ 
active' material with sue;h e*nonne>us vedeicities (around te'n thousand 
miles a second) that mole'cules e>f air, with which they happen to 
colliele, are ionized , or elissociuteel intei electrically enlarged atoms. 
In consequence, the air be'e*e>mcs a e;e)nehicte)r e>f electricity. 

Beta-rays. —The' secemel typo e)f rays (the beta-rays) am shown 
to be negatively chargee! by the* fact that they are* defected in tine 
opposite direction from the alpha-rays, whe*n plae*e*d in a rnagne'tic 
field. Inelt'oel the*y are ne>w known te> be* streams of electrons, 
seime'times called beta-particles, mewing in straight lines, with 
• ve*loe;itie;s of from abend. 1(),()()() te> 180,000 miles a seeiond. Since 
they.are ve;ry lighj., the* mass e>f‘ an c]ce'tron*’be'ing ne>t more than 
1 1800th that of a liydrogem atom, they arc very easily deflee*te*d 
by a magnetic field, and in very intense fiehls actually have their 
paths curled into spirals. The*se be'la-rays are rcspemsible for 
me)st eif the pilotograpliic e*lT(*e*t of radieiactive substane*e*s. 

Gamma-rays. —The* third type of rays (the; gamma-rays) 
being unde'viatod by a magnetic field, must be withemt ele*ctrie*al 
enlarges. They are*, in fact, ielendical with X-rays, and appe ar te) 
consist of vibrations in the 1 ether, having a wave lenigth perhaps a 
thousandth of that of ordinary light. The* gamma-rays are* 
re*markable few their penetrating power. In oxtivinc instances 
they may pass through sewenal inches e>f leael before* be'ing se-riously 
w('ake*neel. 


Summary of the Characteristics of the Three Types of Radia¬ 
tions. 
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Radioactivity and the Periodic Table .—Careful experiments 
have shown that the alpha- and beta-particles arc not emitted 
simultaneously, but in succession. The unstable atom—that of 
uranium, let us say—goes to pieces in a series of successive 
“ explosions,” hurling off alpha- and beta-particles, one after 
another, like balls of fire from a Roman candle. Each of these 
explosions transforms the disintegrating atom into that of a new . 
element; and within the past few years a great light has been 
thrown on the whole subject, by tin; discovery that the loss of an 
alpha-particle gives rise to a new element occupying a position 
two places to the left of the parent element in the Periodic table, 
and having an atomic weight four units less than that of the 
parent element.* On the contrary, the loss* of a beta-particle 
gives rise to a new element one place to the right of the parent 
element, but not differing appreciably from it in atomic weight. 

Thus wo have soon that radium is an clement of Group IIA 
of the Periodic Table. When an atom of radium (at. wt. 226) 
goes to pieces, it always begins by losing an alpha-particle, being 
thus transformed into an atom of radon (at. wt. 222), an element 
of Group 0 (§ 583). But this fragment is apt not to exist very 
long before it too “ explodes,” losing another alpha-particle, and 
producing an atom of an isotope of polonium (at. wt. 218) in an 
element of Group VIA. A third alpha-particle is then ejected, 
leaving us with an atom of an isotope of lead (at. wt. 214). in 
Group IVA. Then follows the loss of a beta-particle, giving us 
an atom of an isotope of bismuth (at. wt. 214), in Group VA. 
Other changes follow 7 , until we finally arrive at a stable element, 
which appears to be another isotope of lead. 

The different radioactive elements have thus boon recognized 
as belonging to three different “ lines of descent.” Radium, 
radon, and others trace their origin back to uranium. Still others 
are “ descended ” from actinium, itself very probably a product 
of the decomposition of uranium. The third series of elements is 
derived from thorium. Aside from these three groups of true 
radioactive elements, potassium and rubidium show feeble gamma- 
radiation, but none of the other phenomena of radioactivity. 

The Law of Radioactive Decay .—The disintegration of the atoms 
of the radioactive elements follows what may he called the reversed 
* Since the atomic weight of helium is four. ’ 
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compound interest law. A sum of money, placed at compound 
interest at any given rate, will double itself in a definite term of 
years; then in an equal period will double itself again. A radio¬ 
active substance on the other hand, gradually disappears. Half 
of any given sample passes out of existence in a definite period of 
time; and half of what remains in the next equal period. The 
periods of the different radioactive elements—the time, that i*5, 
in which half of any given sample will disappear—varies enor¬ 
mously. In the case of one of the isotopes of uranium (uranium I) 
it is about 13,000,000,000 years; others have periods of a few 
years, a few days, or a few seconds. The period of thorium C/ 
is less than a billionth of a second. Of coiumc the rate of decom- 

I, 

position of the radioactive elements with very long or very short 
lives has not been determined directly, but is merely calculated 
from observations of the distance that the alpha-radiations are 
able to penetrate air. For it happens that the shorter the period 
of an element the more energetically its atoms hurl off alpha-par¬ 
ticles when they “ explode.” 

Emission of the Alpha-particles .—It is in connection with this 
emission of alpha-particles that some of the most beautiful experi¬ 
ments in the whole field of radioactivity have been performed. 
We have previously mentioned the fact (§ 586) that when a trace 
of a radium salt is in contact with a zinc sulfide; screen, the alpha- 
particles, as they strike against, the screen, produce individual 
flashes, which may be counted. This gives us another method of 
determining the period of any element that happens to give off 
radiations of this type. Furthermore, when a sample of radio¬ 
active material is placed in a flask containing moist air, and the 
air within is suddenly cooled by expansion, the paths of the par¬ 
ticles lx*come visible as lines of fog, which may be photographed. 
The range of the alpha-particles, in air at ordinary pressures, is 
found to be from 2.37 cm. (uranium I) to 8.16 cm. (thorium C'). 
From the known number of molecules in a cubic centimeter of air, 
it has been calculated that these alpha-particles, in traversing 
the distances given, must collide with hundreds of molecules of 
oxygen and nitrogen. But since the photographed streaks of 
fog which show the actual paths of the alpha-particles are prac¬ 
tically straight, it is plain that the latter plough their way right 
through the molecules of oxygen and nitrogen. Thus we have 
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evidence that molecules and atoms are not solid bodies, but com¬ 
plex structures, constructed of smaller particles, between which 
there appears to exist only empty space. Within the last few 
years several experimenters have also found evidence that several 
of the ordinary stable elements, such as nitrogen and aluminum, 
when bombarded by the alpha-particles of radium are decom¬ 
posed, producing hydrogen. If this work is confirmed, it will be 
the first authentic instance of an actual artificial transformation of 
atoms of one element into those of another. For the transfor¬ 
mations of radioactivity, though they result in the destruction 
of atoms of one type and the creation of those of another, are 
spontaneous, and at present entirely beyond our control. 

The Duration of Life on the Earth .—A imlnber of interesting 
speculations center around the fact that radon and other radio¬ 
active substances are present iri the soil and in the water of wells 
and springs in all parts of the earth. Calculation shows that the 
amount of heat given off during the radioactive decomposition of 
so much material of this kind as the earth is believed to contain, 
should be sufficient to make good a large part of the energy that 
the earth radiates into space. Thus our planet, instead of cooling 
rapidly through the range of temperature fit for the existence of 
life, has had this period much prolonged. Some calculations 
indicate that it may have been habitable' for as much as a billion 
years. Geologists, indeed, from their observations of rocks and 
fossils, have usually measured the past duration of life upon the 
earth in hundreds of millions of years. 

602. The Metals of the Palladium-Platinum Group.— 
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The palladium-platinum group contains six rare metals: 
ruthenium, rhodium, and palladium; with osmium, iridium, and 
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platinum. These occur together in nature, in nuggets and 
grains which may be separated from alluvial sands by washing. 
The chief deposits are in the Ural mountains, in Russia; though 
notable amounts come from Colombia; and the United States 
produces several thousand ounces of platinum each year in the 
refining of gold bullion. The nickel mattes of Canada (§ 523) 
furnish a little platinum. » 

The members of the palladium-platinum group have important 
relationships to the metals of the iron group, immediately above 
them in the periodic table, as well as to silver and gold, which 
occupy adjacent positions at their right. 

1 . Vertical lidatiofislnps.— Jrou, rulhonium, ancf'osmium arc of a darker 
color than the rest, and melt at higher temperatures. They form oxides 
(MO and M 2 0:i), ami, with the exception of iron, other oxides of the general 
formulas M () 2 and M() 4 . (Osmium also forms OsO-, ) 

Cobalt, rhodium, and iridium form complex nitrites, such as potassium 
cobaltinitrite, K s Co(N0 2 ) tl ; and complex cyanides, such as potassium cobalti- 
evunide, K.iCo(CN) r ,. They form the oxides MO, M 2 0j, and M0 2 . Rho¬ 
dium and indium differ from the other members of the group in being insoluble 
in aqua regia. 

Nickel, palladium, and platinum form the oxides MO, M ;( 0 4 (except Pd), 
and MO*. Unlike rhodium and indium, they form stable halides of the gen¬ 
eral formula MX». Palladium and platinum also form complex chlorides, 
such as K 2 MCL, and K 2 MCl r „ in which they show the valences of two and 
four, resjx'ctively. 

2. Horizontal Relation ships .—The elements of the palladium-platinum 
group have much higher melting points than those of the iron group. 

Ruthenium and palladium are alike in being readily dissolved by fusion 
with KHSO 4 . Molten palladium resembles silver in dissolving a considerable 
volume of oxygen gas. 

Osmium, iridium, and platinum resemble gold in their resistance to acids, 
and in the fact that their salts are readily reduced to metal by mere heat ing. 

603. Platinum.—Platinum is the most abundant and most 
important of the six metals of the palladium-platinum group. 
Crude platinum is purified by being dissolved in aqua regia, 
leaving behind an alloy of osmium and iridium. The solution is 
evaporated, with addition of sufficient hydrochloric acid to expel 
the oxides of nitrogen. Addition of ammonium chloride then 
throws down a yellow, crystalline precipitate of ammonium 
chloroplatinate, (NH 4 ) 2 PtCl f; . When this is ignited, metallic 
platinum remains behind in a spongy form, and may be melted 
down m an electric furnace, or with an oxy-hydrogen blowpipe. 

Platinum, thus prepared, still contains about 2 per cent of 
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iridium, traces of the other metals of the group, and iron. The 
small amount of iridium has the advantage of making the platinum 
somewhat harder and more resistant to acids. Metallic platinum 
is used (1) in dentistry; (2) in the electrical industries, for con¬ 
tact points on spark coils; (3) in jewelry; (4) as a catalytic agent 
in a number of chemical processes, such as the preparation of 
nitric acid from ammonia (§ 298) and the manufacture of sulfuric' 
acid (§ 239); and (5) for laboratory apparatus. 

The most effective form of platinum for use as a catalyzer is 
platinum black, prepared by reducing a solution of a platinic salt 
with formaldehyde, or by precipitating such a solution with 
metallic aluminum. •Platinum black will causey mixture of hydro¬ 
gen and oxygen to explode, in consequence of the fact that a part 
of the gases absorbed in the metal unite rapidly, with liberation 
of heat. Many important organic reactions, in which hydrogen 
is used iis a reducing agent, take place most readily in the presence 
of this catalyzer. 

Platinum forms tliroo chlorides, PtOL, PtCl.i, and PtCl 4 . These all dis¬ 
solve in hydrochloric acid to form complex acids tetraclilorplatinous acid, 
JLPtCh, pentaohlorplatinous acid, 114*10;,; and hexaclilorplatinic acid, 
ILPtClo. These all form well-defined crystalline salts, with platinum in 
the anion. Even such ti salt as platinic chloride, Pt0 4 , when dissolved in 
water, is largely converted into the acid ILPtCLO, with platinum in the anion. 
These facts make it evident that platinum, like gold (§ f»49), is largely non- 
metallic in its chemical behavior. Platinum forms four different oxides: 
PtO, Pt*Oa, Pt, 1 0 4 , and PtC) 4 ; but only PtO and PtO- form salts. 

604. The Care of Platinum Apparatus. —The high melting- 
point of platinum, combined with its resistance to acids, makes 
it very much in demand for crucibles and dishes, for laboratory 
work. Its chief rivals for this purpose are palau (a palladium-gold 
alloy), illium (§ 525), and fused silica (§ 400). Platinum has been 
supplanted by these for many laboratory uses; just as it has been 
largely replaced in spark terminals, and for winding small electric 
furnaces, by niotybdonum and tungsten; and for leading-in wires 
of incandescent lights by copper-covered nickel-steel. 

Platinum suffers a slight loss in weight when heated for a long 
time in a blast lamp, on account of volatile impurities. It is 
extremely resistant to individual acids of all kinds, and to aqueous 
solutions of salts and alkalies; but it must not be used in pres¬ 
ence of: 
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1. Aqua regia, or any other substance (such as FeClg) which 
yields chlorine on being heated. 

2 . Fused caustic hydroxides or peroxides. (Fused alkali 
nitrates and acid sulfates attack it slightly.) 

3. Phosphorus, phosphides, or phosphates in the presence of 
reducing agents, such as the carbon of filter paper. Many a f 
platinum crucible has been ruined by being used for the ignition 
of filter-paper containing precipitated phosphates. 

4. Lead, or any other metal that alloys readily with platinum.— 
Mercury is safe. 

5. A smoky flame. This appears to form a carbide of platinum, 
which is decomjjosed on further heating, leaving the metal crys¬ 
talline and brittle. 

Platinum ware should be kept clean and bright. One should 
use moist sea sand for polishing off the crystalline film that some¬ 
times forms on the bottom of a dish or crucible that has been 
heated for a long time to a high temperature. Stains of iron oxide 
may be removed by heating strongly with a few crystals of potas¬ 
sium bisulfate, KHSO*. 



CONCLUSION 


Science is something more than accumulated information. 
Thus, at the conclusion of a course in General Chemistry, one 
should have gained something more than a collection of inter¬ 
esting or useful facts. More important than existing knowledge 
concerning the transformations of matter and energy are the 
methods of thought by which this information has been gained. 
One may have comdiitted many chemical details to memory with¬ 
out having learned anything of chemistry, if one has failed to 
catch something of the spirit of the science, or to appreciate 
the attitude of mind in which a chemist approaches his problems. 

It is, indeed, as a product of human thought that chemistry 
is most impressive. The great peaks that dominate the chemical 
landscape—the laws that govern the infinite interactions of mate¬ 
rial things—were discovered for us by the creative efforts of indi¬ 
vidual men—the master-minds of the past. Thus the universe, 
from the scintillating sparks of the ultramicroscopie field to the 
mightiest of flaming suns, has been made to appear as the abode of 
order. 

No less impressive than the laws themselves, as intellectual 
achievements, are the general theories by which the laws find 
individual interpretation. Atoms and molecules, protons and 
electrons—what a world has been revealed beyond the limits of 
the mechanically aided human senses! Mere smallness hinders 
the scientist but little, when he sets out to count, weigh, measure, 
and analyze. Nor are all these triumphs of the past. Chemistry 
is a growing science; and those who labor for its advancement 
press forward in ever-increasing numbers, with confidence renewed 
by every new success. On the frontiers of all the principal fields 
of chemistry are important unsolved problems, and new ones are 
disclosed with each step in advance. 

In studying the ultimate constitution of matter we have 
learned that an atom is a very intricate structure; but we have 
not gone far in explaining just what its architecture is, nor why 
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different kinds of atoms, because differently constructed, should 
have different properties. We have caught certain atoms in the 
act of exploding, and—wonderfully enough—have identified the 
fragments of matter thus produced; yet we do not know why 
only a few elements are so unstable, nor have we learned to hasten 
or retard the process of disintegration or gain control of the 
stores of energy thus revealed. t 

The insight we have gained into the inner structure of mole¬ 
cules has enabled us to synthesize thousands of useful substances; 
yet in these syntheses we must frequently make use of catalyzers, 
and we, st ill have no general theory to toll us, in advance of actual 
trial, what substances should serve this purpose best. Most of our 
useful reactions are*measurably reversible; vet there are but few 
cases in which we have collected enough information to enable us 
to calculate how nearly complete they will be under varying 
experimental conditions. 

We have made synthetic dyes quite surpassing any produced 
by Nature; yet we are fed and clothed by chemical reactions 
whose details we have hardly begun to understand—those that 
synthesize carbohydrates in the loaves of green plants, under the 
influence of the sun’s rays. We have produced wonderful syn¬ 
thetic medicines; yet some of our most potent remedies must be 
obtained, ready-made, from the glands of animals. No one yet 
knows the chemical nature of the vitamines, nor has anyone yet 
synthesized an enzyme; and the chemical change's incidental to 
old age steal upon us just as surely as they did when chemistry 
and medicine were non-existent. For wood, tannin, and tur¬ 
pentine we still must chop down trees; and still, as in the days of 
the Cave Men, we slay animals and strip them of their skins. 
Truly, if the present achievements of chemistry are compared 
with its possibilities, it is yet, in a primitive state. 

For those with the rather specialized gifts that productive 
work in chemistry demands, tin* field is accordingly limitless. 
For others, our brief excursion into the realm of strange words 
and mystic symbols should have yielded souvenirs worth treasur¬ 
ing. The material surroundings of our lives are to-day largely 
determined by mechanical inventions, made possible by discover¬ 
ies in chemistry and physics; and the social and economic prof>- 
lerns jf tin- day, whose solution is perhaps more pressing than 
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that of any purely scientific problem, will be solved only when 
large numbers of mem and women have learned to consider them 
without prejudice, applying something of the inductive and experi¬ 
mental methods that have proved so successful in the domain of 
chemistry. Whatever our occupations, we may well feel a sense 
of satisfaction in knowing something of a science that has played 
so important a part in determining the character of the age in 
which we live. Yet this fooling should bo tempered by humility: 

“ This world, after all our science and sciences, is still a mys¬ 
tery; wonderful, inscrutable, magical, and more, to whosoever 
will think of it.” 
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(CHAPTERS I TO XIV) , 

1. How could you prove that cupric oxide is a compound, and not an 
element or mixture? 

2. What class of metallic oxides yield oxygen when heated? Name several. 

. 3. Describe tests by which you could distinguish between potassium 
chloride, potassium chlorate, and potassium perchlorate. 

4. Formulate the reactions, if any, that take jilace when magnesium, 
aluminum, copper, potassium, silver, and iron are acted upon by dilute 
hydrobromic, sulfuric, and phosphoric acids. Name the salts produced. 

5. Four bottles contain respectively Ob, air, C0 2 , S() 2 . How would you 
identify each? 

6. What, weight of air is needed for complete combustion of a pound of coal 
containing 85 per cent carbon, 12 per cent hydrogen, 3 per cent ash? 

7. How would you determine tin* percentage of acetic acid in vinegar? 
Of hydrogen in filter paper? Of oxygen in copper oxide? 

8. Write and balance equations for the following: 

(«) Metallic antimony burns in a limited amount of air. 

(b) Manganese dissolves in hydraulic acid. 

(c) Magnetic iron oxide is reduced by hydrogen. 

(d) Metallic calcium acts on water, liberating hydrogen. 

(e) Cuprous oxide is oxidized by air. 

if) Ozone acts on a solution of magnesium iodide. 

(g) Hydrobromic acid is oxidized by lead dioxide. 

(/;,) Sodium peroxide reacts with dilute hydrochloric acid, by double 
decomposition. 

9. Two oxides of an element, A’, contain respectively 50 per cent and (50 
per cent oxygen. Calculate the weight of X united with l(i parts of oxygen 
in each case. Show that, the result, illustrates one of the laws of weight 
relations. 

10. Calculate the weight in grams of a liter of each of the following: 
Chlorine, hydrogen chloride, air, helium. 

11. If 1 g. of an element, X, forms 1.3285 g. of a chloride, XCl, calculate 
the atomic weight of A r . 

12. Calculate the number of cubic feet of air required to convert 1 ton of 
coke (10 per cent ash) into carbon monoxide. 

13. What is meant by aqueous tension? On what docs it depend? How 
may it be measured? 

14. Moisture collects on the; outside of a pitcher of ice-water in summer 
but not in winter. Explain. 

15. Write an equation for the preparation of chlorine from bleaching 
powder. What volume of chlorine at standard conditions should Ik* obtained 
from a pound of commercial bleaching powder, assumed to contain 25 per cent 
moisture and Ca(OH) 2 , as impurities? 
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16. If a liter of chlorine gas is dissolved in water and the solution exposed 
to sunlight, what volume of gas will he evolved? How many grams of NaOH 
will l>e required to neutralize the acid thus formed? 

17. Write formulas of the following substances, indicating the valence 
(+or —) of each element: Ferrous perchlorate, ammonium iodate, ammo¬ 
nium dichromate, magnesium hypobromite, manganous hydroxide. What is 
the algebraic sum of the valence units in each molecule? 

18. What kinds of information need to be obtained before the formula of 
a compound may be determined? Illustrate for II 2 0. 

19. Write and balance equations for the formation of the following insolu¬ 
ble salts by double decomposition between soluble salts or a salt and a base: 
Zinc phosphate, mercuric iodide, calcium oxalate, stannic sulfide, barium 
chromate, aluminum hydroxide. 

20. A liter of air is ozonized, the reaction being 10 per cent complete. 

What weight of ozone does it then contain? What volume does it then 
occupy? * # 

21. What, physical or chemical properties of the substances concerned 
determine the following uses: Gold for filling teeth, mercury in thermometers, 
chlorine as a disinfectant, tin for wrapping confectionery, gold tipped with 
iridium for fountain pens, linoleum for flooring, ice as a refrigerant, super¬ 
heated steam as a source of heat? 

22. Describe conditions under which the following reactions are com¬ 
plete and conditions under which they remain incomplete; Action of chlorine 
on water, water decomposed by metallic magnesium, action of sulfuric acid 
on common salt, direct union of hydrogen and iodine to form hydriodic acid. 

23. List a few metals in the order in which they occur in the electrochemical 
replacement series. Explain the use of this series. 

24. Give equations for the preparation of magnesium sulfate by several 
methods, different, in principle. 

25. Distinguish between acid salts, basic salts, and normal salts, with 
examples. 

26. Give a synopsis of the distinct ion between the different states of mat¬ 
ter, in terms of the atomic and molecular theories. 

27. A liter of sulfuric acid, 95 j>er cent pure, contains enough acid to neu¬ 
tralize 1750 g. of caustic soda, SO per cent pure. What is the specific gravity 
of the acid? 

28. What weight of zinc is chemically equivalent, to 0.63 g. of nitric acid? 

29. Formulate your best guess concerning what happens in each of the 
following cases, indicating the reason for your answer: Sodium iodate heated; 
aluminum burned in air; chlorine passed into a cold solution of barium 
hydroxide; sulfur oxidized by ozone; iron dissolved in hydrofluoric acid; 
barium carbonate dissolved in acetic acid. 

30. Describe a quantitative synthesis of water, and indicate why the result 
is of importance. 
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(CHAPTERS XV TO XXX) 

1. Name an demon! Hint has both metallic and non-mot all ic properties, 
and give some of the evidence. 

2. Two sulfides contain respectively 33.52 per cent and 20.14 per cent 

sulfur. If the first is represented by the formula MS, show that the other must 
be M 2 S. , * 

3. Show that the different oxides of nitrogen illustrate the Law of Related 
Composition. 

4. Which of the following gases are lighter than air, and which heavier, 
and in about what proportion: Carbon dioxide, nitrous oxide, phosphine, 
phosgene, methane? 

5. State the law relating to the relative volumes of combining gases. 

6. Indicate briefly how the molecular weight of each of the following 
substances has been determined; or, if it has not been determined,tell why: 
ammonia, glucose, sodium sulfite, graphite, manganese dioxide, crystalline 
KBr. 

7. Explain how it is determined that, chlorine, should be represented by 
the formula Cb. 

8. A gas measures 35.4 cc., over water, at 25° ('., the barometer reading 
740 mm. What will be its volume, dry, at standard condit ions? 

9. A glass bulb holding 135 cc. is filled with vapor at 98° (3, and then 
sealed off, the barometer reading 740 nun. Tin* weight of the vapor is found 
to be 351 mg. What is the molecular weight of the substance? 

10. Is the value obtained in the preceding problem an exact or approx¬ 
imate molecular weight, and why? 

11. Explain the relation between combining weights and atomic weights. 
The combining weight of a metal is known to be 31.78. What further infor¬ 
mation is needed to determine its exact atomic weight, and how is this infor¬ 
mation obtained? 

12. Compare the rates of diffusion of hydrogen and helium through the 
fabric; of a balloon. 

13. Explain why 0 = 16 is taken as the basis of our modern system of 
atomic weights. 

14. What are some of the most important industrial applications of the 
following: liquid air, elementary sulfur, alcohol, nitric acid, sulfuric acid, 
ammonia and ammonium salts? 

15. Give formulas for two amphoteric oxides. Give equations to illustrate 
the acid and basic behavior of one of them. 

16. One hundred cc. of hydrochloric acid, sp. gr. 1.175, containing 34.5 
per cent. HC1, will prepare what volume of N/10 solution? 

17. Give equations to explain how ozone turns starch-potassium iodide 
paper blue. Name several other substances having the same property. 
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18. A certain gas, heated from 273° A. to 546° A., expands to much more 
than twice its original volume. What explanation can you give? 

19. A solution containing 42 g. of a non-electrolyte in 1 liter freezes at 
— 0.31 ° C. What is its approximate molecular weight? 

20. Explain how the degree of ionization of a salt can be determined from 
freezing-point measurements; from conductivity measurements. 

21. Which freezes at the lower temperature and why; a solution contain¬ 
ing 5S.5 g. of common salt or one containing 5)2 g. of glycerol in the same weight 
of water? 

22. What kinds of salts hydrolyze in water: (a) completely; (b) incom- * 
pletely; (r) practically not at all? Illustrate with several examples of 
each. 

23. How r may the following be prepared from substances found in nature: 
sodium nitrite, ethyl acetate, carborundum, glycerine, ammonium sulfate, 
orthophosphorie acid, boric acid? 

24. Write equation f<jr the preparation of IIF from apatite. 

25. Tell what differences are observed in decomposing the different sodium 
halides with concentrated sulfuric acid. Explain. 

26. What are the circumstances that determine the speed of chemical 
reactions? Why are certain reactions incomplete? How may they be made 
more complete? Illustrate by the synthesis of ammonia. 

27. What, reaction, if any, would you expect to take place between the 
fallowing substances, and why: hydriodie and nitric acids; bromine and zinc 
chloride; ozone and hvdrobrnmic acid; metaphosphoric acid and starch? 

28. (live formulas of three potassium salts containing both chlorine and 
oxygen, (a) State how each is prepared; (b) how identified; (r) how made 
to produce chlorine. 

29. List six acids in the order of decreasing activity. How is the dif¬ 
ference in act ivity explained on the basis of the ionic theory? 

30. How would you proceed to convert powdered sulfur as completely 
as possible into H.S? 

31. Give name and formula of one oxidizing and one reducing agent con¬ 
taining each of the following elements: H. I, S, N, As, (\ W rite equations to 
illustrate, the oxidizing or reducing property of each substance you have 
mentioned. 

32. A solution is known to contain one of the following salts: KNOa, 
AlCl.i, NanCOs, ('a('l 2 , NaBr. It is found to be neutral to litmus, and no 
color change takes place on adding cone. II 2 S0 4 , either alone or with a few 
drops of FeS0 4 solution. Which salt is indicated? Explain in detail. 

33. How would you prepare hydrogen from II 2 .S? Sulfur from II s S? 
Write equations. 

34. Explain the meaning of the italicized words in the following quota¬ 
tion: “ The normal sodium salt is anhydrous, but quite hygroscopic, and even 
deliquescent. If it is heated with an equivalent, amount of a non-volatile inor¬ 
ganic acid, a gas is expelled which is the anhydride of a dibasic acid. In 
aqueous solution this acid shows but slight electrolytic dissociation.” 

35. Distinguish between the momentary and total acidity of a solution. 
How is each determined? 

36. W r hat, properties distinguish a true from a colloidal solution? 

37. IIow may each of the following substances be prepared from ammo¬ 
nia: nitrogen; hydrogen; nitric acid; ammonium arsenite; ammonium bicar¬ 
bonate; nitric oxide? White equations. 
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38. Show what happens when eane sugar is converted successively into 
invert sugar, alcohol, acetic- acid. 

39. The vapor density of a certain metallic chloride is about thirteen times 
the density of air. What conclusions can be drawn concerning its approxi¬ 
mate molecular weight? The compound contains about 38.11 per cent 
chlorine. What is the maximum possible atomic weight for the other ele¬ 
ment, N? Assuming this to be the true atomic weight, what is the formula 
of the compound? 

40. If a new form of chlorine were discovered such that one volume united 
with 1.J volumes of hydrogen to form hydrogen chloride, what would be its 
molecular formula? What, would bo the approximate weight of 1 liter of this 
gas, at standard conditions? What volume of hydrogen chloride could be 
produced from one volume of the gas? 

41. Pure benzene freezes at 5.48". A solution of 3.2 g. of naphthalene in 
benzene freezes at 3.48° C. When 2.45 g. of another substance is dissolved 
in the same weight of benzene as was used for dissolving the naphthalene, the 
solution freezes at 3.75°. What is the molecular weight of the second sul>- 
stance? Naphthalene is CmJI„. 

42. What volume of carbon monoxide, at 25° C. and 75ft mm. pressure, is 
obtainable from a gram of carbon? What volume of air is consumed in the 
preparation of this carbon monoxide? 

43. Determine the relative volumes of the individual reactants and 
resultants when alcohol vapor is burnt d with a 50 per cent excess of oxygen. 

44. Recalling the chemical inertness of nitrogen, what would you presume 
the products to be when c\ a nogen is burned in an excess of oxygen? What arc 
the relative volumes of the four gases concerned? 

45. A liter of a. certain gas weighs about 2.32 g. It. contains 40.08 per cent 
of carbon, and the rest nitrogen. What is its formula? 

40. Write and balance equations for the oxidation of T1C1 with Mn() s , 
KMn() 4 , and KjCrjO?, respectively. If a 5ft per cent, excess of 1IC1 is used, 
what percentage of the total chlorine is liberated in each case in the elementary 
form? 

47. W T rite and balance equal ions for the following: 

(a) Action of metallic magnesium on water. 

( b ) Potassium nitrate is heated. 

(c) Action of sunlight on hypoehlorous acid. 

( d) Action of sulfuric acid on salt. 

( e ) Preparation of acetylene from calcium carbide. 

(/) Phosphorus burned in air. 

(g) Hydrolysis of a phosphorus halide. 

48. Classify the preceding reactions as direct combination, decomposition, 
dissociation, double decomposition, substitution, displacement, oxidation and 
reduction. 

49. Coke is burned to carbon monoxide and the heat liberated is absorbed 
in bringing about the reaction of an additional quantity of coke with steam to 
form water gas. Write equations. Calculate the percentage by volume of 
each gas in the final mixture of gases from the two reactions, if 0.5 lb. of coke 
is consumed in the first reaction for every 1.0 lb. in the second. 

5ft. What are the three principal sources of commercial gasoline? Explain 
how t he heating value of a fuel is determined. Is the heating value a measure 
of the “miles per gallon” obtainable with a given car? Discuss the various 
factors that enter into this question. 
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51. Which of the following reactions are complete and why; which incom¬ 
plete and why? 

Direct union of hydrogen and oxygen; precipitation of AgN0 3 by HC1; 
precipitation of ZnCl* by H 2 S; decomposition of NIIj by heat; action of 
chlorine on water; neutralization of HC1 by NaOIt. 

52. Why can magnetic iron oxide be completely reduced by a stream of 
hydrogen, in spite of the fact that the reverse reaction, oxidation of iron, is 
complete in a current, of steam? 

53. By what means other than an increase in temperature can the dis- . 
sociation of iodine vapor, I 2 *=± 21, be made more complete? 

54. Explain why the combination of nitrogen and hydrogen to form 
ammonia is made more complete by an increase of pressure, while that of 
iodine, and hydrogen to form hydrogen iodide is not. 

55. The vapor of mercurous chloride is completely dissociated into metallic 
mercury and chlorine at high temperatures. What ratio docs the density of 
the resultant mixture b *r to that calculated from the formula llgi01 2 ? 

56. Calculate the density of the vapor of PC1 3 at 20t?° C. f under a pressure 
of 740 mm., assuming 50 per cent dissociation into l’Cl 3 and Cl*. 

57. What, weight and volume of hydrogen bromide can be prepared with 
3.1 g. of red phosphorus, by way of 1’Br-,? 

58. Acetylene can be synthesized by passing hydrogen through an electric 
are with carbon electrodes. The reaction absorbs heat. Will it become more 
or less complete with an increase of temperature? Btate the principle involved. 

59. In tenth normal solution, potassium chloride is 85 per cent ionized. 
What is the freezing-point- of tin* solution? 

60. What is the degree of ionization of sodium acetate, if 1.025 g. of the 
anhydrous salt., dissolved in 125 g. of water, produce a solution freezing at 
-0.350°? 

61. The freezing-point of a 3.7 per cent solution of hydrogen peroxide 
in water is —2.03°. Does the substance appear to be elect roly tically dis¬ 
sociated in solution, and if so to what extent? 

62. What is the reaction toward litmus of a solution of calcium sulfide? 
Explain in terms of the ionic theory. 

63. 'Fell what things need to be considered in selecting an indicator for 
titrating an acid by a base. What are the proper uses of phenolplithalein 
and thymol blue? 

64. By reference to the table of solubilities find a case in which two soluble 
salts enter into double decomposition to form a pair of salts both of which arc 
insoluble. 

65. Fifty ee. of a solution of sodium hydroxide requires 27.8 ec. of N/10 acid 
in titration. What is its normality, and how many milligrams of NaOII are 
contained in each cubic centimeter? 

60. Formulate, both molccularly and ionically: 

(a) Action of metallic calcium on water. 

(b) Action of- iodine on hydrogen sulfide. 

(r) Formation of sodium thiosulfate from sodium sulfite. 

(d) Oxidation of stannous chloride by chlorine. 

67. Explain the use of the two towers in the chamber process for n.aking 
sulfuric acid, as a case of reversible reaction. 

68. What is a perfect gas? Btate its most important properties. 

69. A gas is confined within a definite volume at 27° C, To what tem¬ 
perature must it be raised in order to double the pressure that it exerts? 
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70. What is wrong with the following statements? Give the correct 
statement, in each ease: 

(а) The boiling point of a liquid is the temperature at which it passes into 
vapor. 

( б ) A crystal is a solid body, with a definite type of symmetry, bounded 
by plane surfaces meeting at definite angles. 

( c ) A saturated solution is one that contains as much of the given dissolved 
substance as it. can be made to contain at the given temperature. 

(<l) Equilibrium is the situation existing when a reaction has been brought 
to a stop. 

(e) The law of related composition is illustrated by the fact that the per¬ 
centages of oxygen in the different lead oxides arc simply related to each other. 

71. The air in a 10 -lit.er bottle is saturated with water vapor at 25° C., 
and 740 mm. pressure. What would be the weight of this moisture if it were 
all condensed (Appendix A )'■’ 

72. What, is the simplest possible formula of a svbstance containing 78.89 
per cent carbon, 10.0ft per cent hydrogen, and the rest oxygen? What other 
information needs to be given in order to obtain the true formula? I*'or what 
kinds of substances may this other information be obtained? 

7,‘h Calculate the weights of a liter of pure nitrogen and a liter of nitrogen 
containing I per cent by volume of argon. 

74. A fire extinguisher contains 5 kg. of sodium bicarbonate. What 
weight of pure* sulfuric acid is necessary to decompose it, with the formation 
of sodium bisulfate? What volume of carbon dioxide is liberated, at standard 
conditions? 

75. Ten liters of air, bubbled through a solution of barium hydroxide, pro¬ 
duced a quantity of barium carbonate equivalent to 10.8 cc. of N/40 acid. 
Calculate the percentage of carbon dioxide in the air, by volume. 

70. If glycerol and methyl alcohol sold at the same price, which would 
be the better for preparing an anti-freeze solution for the radiator of an auto¬ 
mobile? State the principle involved. 

77. From the method of preparing each of the following substances, what 
impurities would vou expect it to contain: 

NaOH, H-,SC> 4 , UNO,, KCKV? 

78. What are the most noteworthy differences in the properties of Na 
and Na+; of Cl 2 and Cl”; of Cl” and CIO,-? 

79. Normal solutions are prepared of HAc, IIC1, NILOII, and Na 2 8 () 4 . 
Which of these will conduct the eleclric current best? Explain. 

80. Explain how the valence and metallic or non-metallic nature of an 
element may be determined from its position in the periodic table. 

81. Distinguish between liquid hydrogen chloride and hydrochloric acid. 

82. List a few simple compounds of germanium, from its position in the 
periodic table. 

HM. How' may the sign of the electrical charge on a colloidal particle be 
determined? 

84. What are the following minerals, and for what are they used: Gypsum, 
pyrite, galena, quartz, Chile saltpeter, colemariite, phosphate rock, feldspar, 
kaolin, diamond, arsenopyrite? 

8 ;« Heating sili'-a with carbon may produce either silicon or carborundum. 
Explain. 

Se What is adsorption? Give applications in at. least two industries. 

87. Give reasons for believing in the actual physical existence of atoms and 
molecules 
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L Tell whether the dissociation of phosphorus pentaehloride into phos¬ 
phorus trichloride and chlorine is rendered more or loss complete (a) by an 
increase of temperature; (h) by an increase of pressure. (State the principle 
involved. 

PCl,^ PCl,+Cl 2 +33,000 cals. 

2. By wind single Pvt could you distinguish between the following: 

# 

(a) MnO* and charcoal. (c) K 2 Cr 2 0 7 and (NH 4 )>Gr 2 0 7 . 

(b) CaCO, and CaC' 2 () 4 . (f) CaCl 2 and MgGl,. 

(r) CuCb and NiCl,. (/) 1110.. and I1,C 2 0 4 . 

(d) MnC’b and CoCl 2 . 

T“ll what happens in each test, and write an equation for any reaction that 
may take place. 

3. How could you free aw from (lie following, on a laboratory scale: 

(a) Dust and bacteria. (</) Carbon dioxide. 

(b) Moisture. (r) Oxygen. 

(r) Ammonia. 

4. Give the percentage by volume of each gas in a mixture formed by 
burning carbon in twice the quantity of air needed for its complete com¬ 
bustion. 

5. How would you prepare pure carbon dioxide from such a mixture— 
(a) on a laboratory scale; lb) commercially? 

(>. Write equations for the reactions, if any, that you believe will take 
place. 

(a) When an excess of sulfur dioxide is passed into a solution of ammonia. 

(b) When arsenic trisulfide is heated with potassium chlorate (danger). 

(c) When calcium carbide is heated with copper oxide. 

(</) When aniline vapor is burned in an excess of air. 

(c) When ammonium iodide is ignited. 

7. Given metallic lead and metallic chromium, how would you prepare 
lead chromate? Write and balance all equations. 

8. Given metallic barium and elementary arsenic, how would you prepare 
barium arsenate?. Write and balance all equations. 

9. All of the following formulations are incorrect. In each case tell what 
principle applies, and give the correct formulation: 

(a) KCl+HNOj (cone.) -» KN0,+HC1. 

(/>) 2KHrO.,+n 2 - 2KC1() J +Br 2 . 

(r) 1 \ :t P( )<+ Cu-»Cu 3 (IX ) 4 ) j+II 2 

(d) NaGl+HaO —»IlCl+NnOH. 

(e) AgCl+HC 2 H 3 0 2 - AgC,H s 0 2 +IlCl. 
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if) II 2 S0 4 -FNaI -> NaIIS0 4 +III. 

(g) CU+2KOH — 2KC1+ILO;. 

(h) 2FeCl.+3UtR -»Fe 2 S 3 + 0 HCl. 

(i) NH 4 OII (excess)+GuS () 4 ->Gu(OII) 2 +(NH 4 ) 2 S0 4 . 

(j) 2HC1 + BaS0 4 -> BaC 1 2 +II 2 S0 4 . 

(k) H a +S —»II 2 S. 

(0 Cu(N(). t ) 2 +Il 2 S -»C 11 S+ 2 HNO 3 . 

(in) 2AlGl a +3H*S A1 2 S 3 +GHCI. 

in) 3II 2 C() 3 +2As(OH ) 3 -» As^CthL+GHOH. t 

(o) (-u + CdS (> 4 — CuS(.) 4 +(’d. 

ip) NILNOj (heated) —» NHs+HNOa. 

(q) HC 2 H 3 () 2 +KG1 -+ KC 2 H : ,() 2 +HG1. 

(r) GlIF +() 3 ->3I1*0+F*. 

• (*) iici+o 3 ->hgio+o 2 . 

(/) KI+IlNOj+lIjO-* KKL+NII*. 

iu) 2FeS() 4 +2lI 2 S0 4 — Fc 2 (S<) 4 ) 3 +2H 2 0+S0 2 . • 

(v) FcCl,, (acid sol!)+Il 2 K--Fe 2 K 3 +HCl. 

(w) K 2 CK) 4 +HC1 -» KCl+GrCL+ll-O. 

U) ZnGl 2 + H 2 ()+C0 2 -> ZnCOs■+ 21IC1. 

10 . Pyrite is roasted in twice the quantity of air needed for complete 
oxidation. Calculate the percentage by volume of each gas in the mixture of 
gases thus produced. 

11. What are the raw materials used in the production of pig iron in the 
blast furnace? Give a brief description of the process, with balanced equa¬ 
tions. 

12 . Describe the production of metallic aluminum from an impure 
aluminum mineral, with equations. 

Id. Give an outline of the production of met a ic copper from a low-grade 
copper ore, with equations. 

14. Describe the preparation of white lead, with equations. For what is 
this substance used? 

lf>. What are the chemical names and uses of the following: galena, 
emery, litharge, lithopone, hematite, carborundum, quartz, kaolin, gypsum, 
graphite? 

1G. State and illustrate the distribution law. 

17. What is meant by isomeric substances? Illustrate. 

18. How is cane sugar inverted? Write equation. 

19. Name two reducing sugars and one non-reducing sugar. By what 
test can reducing sugars be distinguished from non-reducing sugars? 

20 . How would you separate mixtures of the following gases, obtaining 
each on a commercial scale, in a reasonably pure condition (Appendix C): 

(а) GO and C0 2 ; 

( б ) S 0 2 and 0 2 ; 

(c) Cl 2 and air; 
id) H 2 and NH 3 ; 

(«) N 2 and N0 2 . 

21. Name a chemical absoroent which might be used on a laboratory 
scale to separate the gases in each of the preceding cases, and indicate how the 
gas al >sorbed might afterwards be recovered. 

22 . Determine the approximate density with respect to air of a sample of 
coal containing 50 per cent hydrogen, 85 per cent methane, 10 per cent 
carbon dioxide, ; .nd 5 per cent nitrogen, by volume. 
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23. State and illustrate the laws and principles connected with the names 
of the following: 

Avogadro, Hoyle, Charles, Dalton, Faraday, Gay-Lussac, Henry, Lo 
Chatelier, Van’t Hoff, Priestley. 

24. Show that Henry’s Law is consistent with the Principle of Le Chatelier. 

25. How would you determine experimentally whether the element beryl¬ 
lium has the properties of a metal or a non-metal? 

20. Write ionic equations for: (a) dissolving iron in hydrochloric acid; 

( b ) action of zinc on a solution of silver nitrate; (r) electrolysis of a solution 
of common salt; (d) the precipitation of a calcium salt by ammonium oxalate; 
(e) neutralization of calcium hydroxide by acetic acid. 

27. Indicate the electronic changes in the reactions of the preceding 
question. 

28. Calculate the freezing-point of a solution of 10 g. of acetone in 100 g. 
of wafer. (State the principle involved. 

29. Summarize the j lincipal experimental evidence in support of the ionic 

theory. * 

30. What is the effect of a slight amount of lead nitrate on the solubility 
of lead sulfate in water? Explain. 

31. List six metals in the order of decreasing activity. How is the dif¬ 
ference in activity explained on the basis of the electronic theory? 

32. Formulate and explain one good example of each of the following in 
terms of the ionic theory: in) neutralization; (/>) precipitation; (r) repression 
of the ionization of an active acid by the addition of a salt of an inactive acid; 
(d) displacement of a metal from a solution of one of its salts by a more active 
metal; (c) deposition of a heavy metal by electrolysis, from a solution of one 
of its salts. 

33. How many cubic centimeters of normal acid are needed to neutralize 
the alkali produced by the passage of a current of 1 ampere; for one hour through 
a solution of common salt? 

34. How long will it t ake a current of 5 amperes to deposit a layer of silver 
0.1 mm. thick over an area of 100 sq. cm.? The specific gravity of silver is 
10.5. 

35. A cubic centimeter of hydrogen gas, measured dry at 25° C. and 
740 mm. pressure, corresponds to what, fraction of a mole of hydrogen? What 
fraction of a milligram-equivalent? How many coulombs of electricity will 
be needed to liberate this much hydrogen, by electrolysis of water? 

30. Give electronic equations to represent the chemical change's taking 
place at each of the plates of a lead storage cell, during charge and discharge, 
respectively. 

37. In what way is the development of a stain of metallic copper, on a 
sheet of zinc placed in a copper sulfate solution, the same in principle as the 
reaction that takes place when zinc dissolves in an acid? 

38. Write electronic equations to represent the change at each of the 
electrodes when- the following solutions are electrolyzed between graphite 
electrodes: potassium iodide, potassium sulfate, silver sulfate, acetic acid, 
sodium hydroxide. 

39. What weight of barium peroxide is necessary to prepare 1 liter of 
hydrogen peroxide solution, of sp. gr. 1.15, containing 30 per cent H 2 0 2 ? 

40. Compare the rate at which an electric current of given strength will 
deposit iron from ferrous and ferric solutions, respectively. 
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A. VAPOR PRESSURE OP WATER 

The middle scale gives temperatures on the centigrade scale. The upper 
scale shows the vapor pressure of water at each temperature, and the lower 
scale the number of milligrams of water in one liter of saturated air. 
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B. COMPOSITION AND FUEL VALUE OF FOODS 

Dii 1 11 chiefly fuiin Slieinmn, “CheiniMry of Food nrid Nutrition" (Mnciiiilhiii) 


I 



Parentage Comp 

i 

1 

Protein Pal 

o,si( ion 

Carbo¬ 

hydrate 

Large, 
Color ten 
per 

Pound 

Apples. . . : 

0.4 

0 5 

11 2 

285 

Bacon (smoked) I 

10 5 

01 8 


2810 

Beans, dried. 

! 2 2 r» 

1 1 8 

59 0 

1505 

Beans, baked, canned j 

! (i 9 

I 2 5 

19 0 

583 

Beef, medium faf , 

ir, h 

28.5 

. . . 

1150 

Beef, flank, lean 

20 S 

11 3 


838 

Bread, white, homemade. . . 

9 1 

1 0 

53 3 

1200 

Butter. . . 

1.0 

85 0 


3490 

Cabbage. ... 

1 0 

o :i 

5 3 

143 

Cheese, American pale. . . 

2S 8 

35 9 

0 3 

1990 

Chicken (broilers). . 

21 5 

2 5 


493 

Corn, green, canned. 

2 8 

1 2 

19 0 

455 

(lorn meal . . 

9.2 

1.9 

75 4 

1620 

Eggs, uncooked... 

18 4 

10 5 


072 

Flour, wheat, average 

11.4 

1 0 

75 1 

1010 

Ham, fresh, lean... . 

25 0 

14 4 


1042 

Hominv ... 

8 3 

0 6 

79 0 

1609 

Macaroni 

13 4 

0.9 

74 1 

1625 

Milk, whole 

3.3 

4.0 

5 0 

314 

Oatmeal 

10.1 

7.2 

07.5 

1811 

Peaches, canned .... 

0.7 

0.1 

10 8 

213 

Potatoes, white, raw' ... 

2 2 

0.1 

18 4 

378 

Rice. 

8 0 

0.3 

17 9 

1590 

Shredded wheat.. 

10.5 

1.4 

77.9 

1660 

Sugtir. 


.... 

100 0 

1815 

Turnips. 

1 3 

0.2 

8.1 

178 

Walnuts. . 

18.4 

04.4 

13 0 

3200 
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C. PROPERTIES OF SOME COMMON GASES 


Gases Difficult to Liquefy 


(formerly called permanent gases) 



Melting 

Point 

Boiling 

Paint 

Critical 
Tem¬ 
poral are 

Critical 

Pres¬ 

sure 

Chief Chemical 
Characteristics , 

Argon, A. 

-188 

-180 1 

-117 4 

52 9 

Completely inert 

Ilclium, lie .... 

-272 

-208 S, 

-208 

23 

Completely inert 

Hydrogen, IL 

-259 

-252 8! 

-234 5 

20 

Reducing agent at higher 

Methane, CH 4 .. . 

-184 

-101 

- 95 5 

50 

temps. 

Combustible 

Nitrogen, N* ... . 

-210 f> 

-195 

-140 ! 

33 

inert, except at higher 

Oxygen, 0 2 . 

« 

-218 

-182 7 

-118 

50 

temps. 

Unites directly with met- 

Carbon monoxide. 
CO. 

— 207 

i 

-190 1 

i 

l 

t 

-in i 

35 9 1 

1 

als and non-metals 

Poisonous; combustible 


Gases Easy to Liquefy 


(formerly called condensible gases) 


Acetylene, (ML... 

; 

- 81 

- 85 

30 5 

01 0 

Ammonia, NIL.... 

- 77 

- 38 5' 

130 

115 

Carbon dioxide, ('() 2 

- 57 

- 79 

31 1 

1 

78 

Chlorine, Cb.... 

-101 5 

- 83 0 

110 

93 5 

Ethylene, C 2 II 4 . 

-109 

-102.7 

+ 10 

51 7 

Hydrogen chloride 
HC1 

-112 5 

- 83 1 

52 3 

80 

Hydrogen sulfide. 
RS 

- 85 5 

- 01 8 

100 

88 7 

Nitrogen peroxide. 
Nitrous oxide, N a O 

- 9 6 
-102.4 

21 0 
- 89.4 

171 2 
38.8 

1 

147 

77.5 

Sulfur dioxide, S0 2 

- 72.7 

l 

1 

- 10 

155 4 

78 9 


J 

!I T nsatunited (§ 3 40); 
combustible 

Unites directly with wa¬ 
ter and acids; decom- 
posed at a red heat 
Acid anhydride; reduced 
by hot carbon to CO 
Unites direct, with metals 
and non-metals; oxi¬ 
dizing agent 

Unsaturated; combusti¬ 
ble; useful in anes¬ 
thesia 

Extremely soluble in wa¬ 
ter; solution has prop¬ 
erties of an active acid 
Reducing agent; inactive 
acid; precipitant; de¬ 
composed when heated 
Oxidizing agent 
Supports combustion; 

useful in anesthesia 
Acid anhydride; reducing 
agent; bleaching agent 
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D. PREPARATION OF COLLOIDAL SOLUTIONS 

It is believed that any substance whatever may be obtained in colloidal 
form in any liquid in which it does not form a true solution. A summary of 
the chief methods for preparing colloidal solutions will serve as a review of 
some of the principles discussed in Chapter XXVIII. 

I. Condensation Methods. (Particles increase in size from molecular to 
colloidal dimensions.) 

1. Reduction. 


Solutions of 

Reading with 

Stabilized by 

Au Cl 3 

formaldehyde 

gdatin 

PdCl 4 

hydrazine 

gum arabic 

2. Oxidation. 



II 2 S h\» 

S0 2 

gelatin 

3. Double Decomposition. 


A.S 2 ( >3 

H,S 

gelatin 

AgNO s 

KBr 

excess AgNOs or HBr 

Fed., 

K<Fe(CN)o 

gelatin 

NiCls 

H 2 S 

Na,S 

AgNOs 

k 2 cm > 4 

casein 

CuSO„ 

NaOH 

glycerol 

FeCij, 

Nii,ori 

cam* sugar 

BaCl 2 

Na 2 S () 4 

sodium citrate 

4. Hydrolysis. 



dilute FeCls 

boiled 

(dialysis) 

dilute A1(C\1I 3 () 2 ) 3 

boiled 

(dialysis) 

Dispersion Methods. 



Solutions of 

Reading with 

Stabilized by 

1. Mechanical Dispersion. 


met als 

water 

gelatin or honey 

graphite 

water or oil 

tannin 

2. Addition of Peptizing Agent. 


Material 

Dispersed in 

Peptized by 

clay 

II 2 () 

NH 4 OHL 

silicic acid 

11,0 

NaOH 

Prussian blue 

list) 

n 2 c 2 o 4 

Al(OH):, 

h 2 o 

NaOH 

graphite 

11*0 

t ami ie acid 

carbon 

mineral oil 

tar oil, creosote 

coal. 

mineral oil 

tar, rosin oil 


3. Removal of Agglomerating Agent.. 

Many precipitates (AgCl, rare earth hydroxides, ZnS, H 2 SnO a ) 
tend to pass into colloidal solution and run through the, filter paper 
as soon sis adsorbed electrolytes are washed out. The analytical 
chemist therefore, washes precipitates with suitable solutions of 
electrolytes, rather than with pure water. 
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4. Electrical Disintegration (Bredig’s Method). 

A direct current arc (30 to 50 volts) is struck under water 
between electrodes of Pt, Au, Ag, Cd, etc. Disintegration is 
chiefly at. cathode. 

5. Electrochemical Disintegration. 

Observed on electrolysis of molten salts or alkaline solutions, 
with metallic electrodes. 


E. SOME NOTEWORTHY EVENTS IN THE HISTORY OF 

CHEMISTRY 


About. 500 B.O. 
About A.D. 705 


1060-16S0. 


1755. 


1706. 


1771-1777. 


1774-1777. 


1774-1777. 


1783-1787. 


1792-1794. 

1801. 


Democritus and other (5reek philosophers taught that 
matter is composed of indivisible and indestructible atoms. 

(leber (born in Mesopotamia oi^ Persia; lived in Seville) 
descwbed nitric acid, suit uric acid, and aqua regia, and 
studied their action on metals. 

Boyle. Robert (Ireland), discovered tin* law of com¬ 
pressibility of gases; directed attention to the increase in 
weight that is experienced by metals when they are oxidized 
by heating in the air; noted distinguishing properties of a 
class of substances which lie called ‘‘sails”; and dis¬ 
tinguished between elements and compounds. 

Black, Joseph (England), studied magnesium oxide and 
magnesium salts; introduced quantitative methods into 
chemical investigations; discovered many facts concerning 
carbon dioxide, carbonic acid, and its salts. 

Cavendish, Henry (England), performed experiments on 
hydrogen, carbon dioxide, and air. 

Ncheele, Carl Wilhelm (Sweden), discovered oxygen, 
chlorine, nitrous oxide, hydrogen sulfide, and many other 
import ant substances. 

Lavoisier, Antoine Laurent (France), performed experi¬ 
ments on the oxidation of tin when heated in the air, and 
on the formation and decomposition of mercuric oxide 
(§47). As a result of this work he was able to give the 
first clear explanation of the nature of oxidation and com¬ 
bustion. 

Priestley, Joseph (England), made the first thorough 
study of the methods of preparation and chemical proper¬ 
ties of oxygen gas. In connection with tin's he devised 
important methods for the manipulation of gases. 

Lavoisier and others (France 1 ) discovered the composi¬ 
tion of water; developed the modern system for naming 
chemical substances. 

ltichter, J. B. (Germany), discovered the law of com¬ 
bining weights. 

Nicholson and Carlisle (England) decomposed water by 
electrolysis. 
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1801-1815. 

1807-1810. 

1808. 

1809. 

1810. 

1811 . 

1811-1819. 


1819-1832. 


1831-1839. 


1834. 


1839. 


1841-1881. 


1S5G. 


1858. 


1858-1SG7. 

1S60-18G1. 


Haro, Robert (America), invented the oxyhydrogen 
blowpipe (§ 59) and the. electric furnace. 

Davy, Sir Humphry (England), discovered the alkali 
and alkaline earth metals (§§430, 440); proved the ele¬ 
mentary nature of chlorine (§ 175). 

Dalton, John (England), published his atomic theory. 

Gay-Lussac, Louis Joseph (France), published his 
observations on the proportions by volume in which gases 
combine, (Law of Gay-Lussac, § 89). 

Gay-Lussac developed the method now in use for the 
analysis of organic compounds by combustion (§ 40). 

Avogadro, Ainadeo (Italy), published his principle (§ 22). 

Berzelius, Jims Jacob (Sweden), performed accurate, 
experiments to confirm the laws of related composition 
(§90) and combining weights. Ift> also introduced the 
modern system of chemical symbols; drew up the first fairly 
complete and accurate table of at omic weights. 

Mitscherlich, Eilhardt (Germany), directed attention to 
the resemblances between tin* crystal forms of substances 
of related chemical composition. 

Liebig, Justus von (Germany), performed numerous 
important researches on the composition and chemical 
reactions of organic substances; was the first to recognize 
the existence of organic radicals. 

Faraday, Michael (England), published the results of 
his electrochemical researches, including his law of elec¬ 
trolysis (§ 428). 

Dumas, Jean Baptiste (France), directed attention to 
resemblances between the formulas of various organic and 
inorganic substances. This work (theory of types) later 
developed into structural formulas (§§ 124, 342). 

St'as, Jean Servais (Belgium), devoted many years to 
the accurate determination of atomic weights. Many of 
lus values have stood, with trilling corrections, down to the 
present day. 

Perkin, Sir William (England), discovered the first coal- 
tar dye (§ 372). 

Cannizaro (Italy) showed how molecular and atomic 
weights may be derived, by a system of reasoning based on 
the principle of Avogadro. It then became possible, for 
tin* first time, definitely to establish chemical formulas as 
they are written to-day. 

Deville, Saint-Glaive (France), studied dissociation 
(§ 157) as a reversible reaction. 

Bunsen and Kirehoff (Germany) developed the spectro¬ 
scope; and with its aid discovered rubidium and cesium. 
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1865. 


1867. 

1871. 

1872. 
1876. 


1882-1887. 


188-1. 


1885. 


1886. 


1887. 


1894. 


1894. 

1895. 


1897. 


1898.. 


1902, 1903. 


Kekule, August (Germany), worked out the structural 
formula of benzene, and thus laid the foundations of the 
chemistry of the aromatic compounds. 

Guldberg and Waage (.Sweden) gave the first clear state¬ 
ment of the law of mass action (§ 214). 

Mendelejeff, Dmitri Ivanovitch (Russia), and Meyer, 
Lolhar (Germany), made independent discovery of the 
periodic law (§ 173). 

Pasteur, Louis (France), published his work on the pro-» 
duclion of chemical changes by microorganisms. 

Gibbs, Willard (America), laid the foundations of the 
application of thermodynamics to chemistry. Some of the 
most important recent progress in physical chemistry has 
been based upon Ins work. 

Kuoult, Franyois Marie (France), established the laws 
that determine the freezing pouflts, boiling points, and 
vapor*pressures of solutions of non-electrolytes (§ 99). 

Le Chatelier (France) stated his principle of equilibrium 

(§ 221 ). 

Van’t Hoff, Jaeolms TTenrieus (Holland), published his 
studies on eheinical equilibria, including his law giving the 
effect of changes m temperature (§219). 

Moissan, Henri (France), isolated fluorine by electrolysis 
of a solution of potassium hydrogen fluoride in liquid 
hydrogen fluoride (§ 1117). 

Arrhenius, Svante (Sweden), published his ionic theory 
(§ 250). 

Van’t Hoff (Holland) and lx* Bel (France) independ¬ 
ently found the relationship of the optical activity of 
organic compounds to the arrangement of the atoms in 
their molecules. This work gave rise to the modern 
“space models” of organic molecules. 

Ramsay, Rayleigh, and Travers (England) discovered 
the inert gases. 

Roentgen, William Conrad (Germany), discovered 
X-rays. This purely physical discovery exerted a great 
influence in the subsequent development of chemistry. 

Thomson, Sir Joseph John (England), published his 
early researches on the properties of electrons. This 
marked the beginning of modern work on the constitution 
of atoms. 

Curie, Marie Slowdowska (France), discovered radium, 
the first radioactive element,. This was the beginning of 
subsequent, remarkable developments in the field of radio¬ 
activity (§ 601). 

Rutherford, Sir Ernest, (England), identified the three 
kinds of rays emitted by radioactive elements, and studied 
iheir characteristics (§ 601); discovered the law that deter¬ 
mines the rate of radioactive disintegration (§ 601). 
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1911. 

1913. 

1913. 

1913. 

1917. 

1919. 

1919. 1920. 

1920. 

1921. 

1923. 


Millikan, Robert (America), first isolated an electron, 
and studied its motion in an electric field. Calculations 
based on this work give us our most accurate figure for the 
Avogadro’s number —the number of molecules in a gram- 
molecule (G.OoXlO 23 ). 

Bragg and Bragg (England) published their early 
reasearches on a method for determining the arrangement 
of atoms in crystals, with the aid of X-rays. 

Soddy, Frederick (England), and others discovered the 
law which states the effect of the loss of an alpha- or beta- 
particle on the position of an element in the periodic table. 
(§ 001). As a result of this generalization, we are now 
able to group the radioactive elements into three distinct 
lines of descent (§ f> 01 ). 

Mflseley, II. G. T. (England), determined the atomic 
numbers of many elements, and thus confirmed their 
positions in the periodic table, through obesrvations of 
their \-n 13 spectra (.§ 171). 

Hull, Albert W. (A.notice), published his method for 
determining the arrangement of atoms in crystals, by 
means of X-rays (§30). His method is an improvement 
over that of Bragg and Bragg m that it does not require 
large crystals, but makes use of crystalline powders. 

Langmuir, Irving (America), published his theory (§ 1S8) 
of the structure of atoms. This is a development of the 
ideas of Cl. N. Lewis, and, though incomplete, probably 
includes some ideas that will help construct the theory of 
the future. 

Aston, F. W. (England), developed the positive-ray 
analysis of J. J. Thomson, as a means for determining the 
relative masses of isotopes. For the first time, it became 
clear that the atoms of a given element are not all alike, 
but may differ in mass, and in the characteristics depending 
on mass, while remaining identical in chemical properties 
(§ 172). 

Siegbahn (Sweden) increased the accuracy of measure¬ 
ment of X-ray spectra about. 100-fold. Thus it became 
possible to measure the “energy levels” represented by the 
different lines in each spectrum—an important advance 
in elucidating the structure of atoms. 

Rutherford (England) obtained the spectrum of hydro¬ 
gen, by subjecting the atoms of nitrogen and iduminum to 
bombardment by alplia-partieles emitted by radium. This 
is perhaps the first instance of the artificial transmutation 
of one element into another (§ 001 ). 

Lewis, Gilbert Newton (America), published a summary 
of more than twenty years of research, largely performed 
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at. the University of California, on the “Free Energy of 
Chemienl Substances.” The development, of this subject 
is one of the most important problems before the chemists 
of to-day. As data accumulate, we shall be able to calcu¬ 
late the degree of attainable completeness of important 
reactions under widely differing experimental conditions, 
in advance of actual trial. 

Chemistry is an international science. Its foundations were laid in 
England, France, and Scandinavia. In its subsequent development, Germany 
played a prominent part; while chemists of Italy, the United States, and 
other countries made important contributions. At present, America affords 
the best material equipment for chemical investigations. The American 
Chemical Society, with about 1 0,000 members, is the largest organization of 
its kind in existence. In actual number of chemical investigations pub¬ 
lished, America now leads tlit- world; and among these are a reasonable 
proportion of the most noteworthy advances of recent years. 


V. i:i.E(TEK'AE UNITS 

For a comparison of the simpler metric and English units, see page 15. 
The calorie is defined m Appendix II. 

An understanding of the common electrical units is best obtained by 
noting that their definitions billow a definite logical sequence, beginning with 
the unit, of force. 

The unit of force (the dynej is that force 
which, acting continuously for one second on a 
mass of one gram, can produce hi the latter a 
change in velocity of one centimeter per second 

/ 

The unit of work or energy ft he The unit of electrical quantity is 
erg) is the work that is done, or the the coulomb. It is the quantity of 

energy that is expended, when a body electricity that must be passed 

moves through a distance of one ecu- through a solution of silver nitrate 

timeter, under the influence of a force fwitli proper precaut ions) to deposit 

of one dyne. Energy equivalent, to 0.0011 IS g. of silver on the cathode. 

10,000,000 ergs is called a joule. This corresponds to the passage of 

| 0.00 X HP electrons. 

The unit rate of work (namely, j 

unit, power) is the watt. It is work "Hie unit of electrical current is 
done at the rate of one joule per the ampere. It, corresponds to the 
second. passage of one coulomb of electricity 

each second. 

Electrical potential or electromotive force 
(sometimes improperly called voltage) is meas¬ 
ured by the energy that must, be expended in 
order to transfer electricity through a circuit,. 

The unit of electrical potential is tho volt. It is 
the potential existing between two points when 
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one joule of energy needs to he expended for each 
coulomb of electricity transferred through the 
intervening portion of Ihe circuit, (or when en¬ 
ergy needs to he expended at the rate of one watt 
for each ampere of current maintained in the cir¬ 
cuit.). The electromotive force of a standard 
Weston cell {§'120), is 1.01N,‘i international 
volts, at 20 r C. 

Volts = Joules/Coulombs = Watts/Amperes. 

1 

The electrical resistance of a circuit is meas¬ 
ured by Ihe electromotive force that must he 
applied in order to maintain a given current 
through the circuit. The unit of resistance is the 
ohm. It ^ the resistance of a circuit in which an 
electromotive force of one volt, will uunntain a 
current of one ampere. 

Ohms = Volts/ Amperes 

l 

The reciprocal of resistance is called con¬ 
ductance or conductivity. lis unit is the mho. 
Thus a circuit with a resistance of 100 ohms has 
a conductance of 0.01 mhos. 



G. EQUILIBRIUM POTENTIALS 

See $8 422-424. This chart, has many uses but briefly touched upon in the text: To 
determine the potential that will be set up when given elements are used in constructing a 
primary cell; to show the. minimum electromotive force necessary to separate a given metal 
by electrolysis from a solution of given concentration; to indicate which of several possible 
reactions will predominate at each electrode during electrolysis; to indicate the order of 
replacement of one metal by another, and the degree of completeness of such replacement; 
to show the concentrations under which two different ions may remain in equilibrium with 
each other The data here charted, with the exception of those for Mg, Al, and llg, are 
from Lewis ami Randall, " Thermodynamics and the Free Energy of Chemical Sub- 

St'fLTl (TS 

The zero of potential is here taken as that of a hydrogen electrode (| 273) dipping into 
a solution normal with respect to hydrogen-ion. 

EQUILIBRIUM POTENTIALS 


Concentrations in pram-ions per titer: 

10“ * KT* 10“ 5 1(T 4 ' HT 3 HT 10“ 10 



* Mercurous mercury exists in solution as a double bivalent ion, (Hg 2 ) ++ - Accord - 
ingly, such a salt as mercurous chloride ought always, In strict accuracy, to be written 
HgiClg and not HgCl. 
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H. HEAT VALUES OF FUELS 

The unit of heat is the calorie. This is the quantity of heat needed to 
raise the temperature of one grain of water one degree centigrade (more 
accurately from 15° C. to 16° C.). In some instances, the large Calorie 
(distinguished by being capitalized) is used. This is 1000 calories. In the 
English system, the unit of heat is the British thermal unit (B.T.U.). This 
is tile quantity of heat needed to raise the temperature of one pound of 
water 1° F. It is 252 calories. 


Gaseous Fuels 


Acetylene.*. 

Carbon monoxide. 

Coal gas. 

Ethylene. . 

Hydrogen (to liquid 1I 2 0). 

Methane. 

Producer gas. 

Water gas. 


Small Calories B. T. U. 
per Gram per Pound 
11,023 
2,435 

about 11,000 
12,143 
33,900 
13,063 
about (500 
4,500 


Liquid Fuels 


Benzene . 

Ethyl alcohol. 

Fuel oil, heavy petroleum residue 

Gasoline. 

Kerosene. 

Methyl alcohol. 

Paraffin oil. 

Petroleum. 


0,977 

7.050 

10,350 

about 11,250 
about 11,100 
5,307 
9,800 

10,800-11,100 


Solid Fuels 


Coal, lignite, low grade .. . . 

.. . 3,247 

5,845 

Coal, lignite, high grade . 

6,764 

12,175 

Coal, bituminous, low grade. ... 

6,088 

10,958 

Coal, bituminous, high grade . 

7,852 

14,134 

Coal, semi-anthracite . 

7,612 

13,702 

Coal, anthracite. 

7,000 

12,700 

Paraffin .:. 

10,340 

18,300 

Peat, air dried . 

5,000 

8,900 

Wood, pine. . 

,,, t 5,000 

8,900 
» ' 
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I. OTHER NAMES FOR CHEMICAL SUBSTANCES 


(Names not listed here should be sought in the index) 


Alabaster. 

Alum. 

Alum, burnt. 

Alum, chrome. 

Alum, ferric. 

Alunite. 

Ammonia water. 
Ammonium polysul¬ 
fide solution. 

Antichlor. 

Apatite. 


Aqua ammonia. 
Aqua fort is. 

Aqua regia. 
Aragonite. 

Argols. 

Arsenic, white, 
llaking soda. 

Barite. 

Baryta water. 
Bismuth subnitrate. 
Blanc fixe. 

Bleaching powder. 
Milestone. 

Blue vitriol. 

Boracic acid. 

Borax glass. 
Brimstone. 

British gum. 
Bromine water. 
Burnt lime. 

Butter 

Oaleite. 

Calomel. 

Carbolic acid. 
Carmine. 

Caustic 

Celestite 

Chalk. 


A form of gypsum, CmSOi.21I 2 (). 

Potassium aluminum sulfate, KA1(S0 4 ) 2 .12H 2 0. 

Alum, dehydrated, with some loss of SOj, by heating. 
Potassium chromium sulfate, KCr(S()4) 2 .12H 2 0. 
Potassium ferric alum, Kl , ’e(S 04 ) 2 - 12 H i > 0 . 

A basic aluminum sulfate mineral. 

Ammonium hydroxide solution. 

Yellow ammonium sulfide, a solution of sulfur in 
ammonium sulfide. 

Sodium thiosulfate. 

A mineral consisting of calcium phosphate, in combi- 
, nation with a small proportion of calcium chloride, 
or calcium fluoride. 

A solution of ammonium hydroxide. 

Nitric acid, HNOj. 

A mixture of hydrochloric acid and nitric acid. 

A form of calcium carbonate, CaCO ;t . 

Impure potassium acid tartrate, lvllCdBO#, obtained 
from the dregs of wine casks. 

Arsemous oxide, As 2 ().,. 

Sodium bicarbonate, Nall('()». 

Native barium sulfate, BaS() 4 . 

A solution of barium hydroxide. 

A basic bismuth nitrate of variable composition. 
Barium sulfate, BaSOi. 

('alcium chloride-hypochlorite, CaCl(OC'l). 

Crystalline copper sulfate, CuS() 4 .oH 2 0. 

See bluest one. 

Boric acid, 1IJSO.,. 

Borax, dehydrated and fused by heating. 

Sulfur. 

Dextrin. 

A solution of bromine in water. 

Calcium oxide, Cat). 

(of antimony or zinc). Refers to the chloride of the 
metal. 

Native crystalline, calcium caibonate, CaC0 3 . 
Mercurous chloride, Ilg 2 Cl 2 . 

Phenol, (VII-,(>11. 

The coloring matter of cochineal, adsorbed (“h iked”) 
on aluminum hydroxide. 

(lime, soda, potash). The hydroxide, of the given 
alkali or alkaline earth metal. 

A mineral, strontium sulfate, SrS0 4 . 

A mineral, impure calcium carbonate, CaC() 3 . Black¬ 
board crayons are now largely made of calcium sul¬ 
fate. 
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Chloride of lime. 
Choke damp. 
Chrome yellow. 
Cinnabar. 

Copperas. 

Corrosive sublimate 
Cream of tartar. 
Dakin’s solution. 

Epsom salts. 

Fire damp. 

Flowers 

Fluorite. 

Fuming nitric acid. 


Fuming sulfuric acid. 

Fusel oil. 

Glauber’s salt. 

Halite. 

Iceland spar. 

Iridosmino. 

Juane brilliant. 

I /ibarraque’s solution 

Laughing gas. 
Limewater. 

Lunar caustic. 
Magnesia alba 
(Magnesia usta). 
Marsh gas. 

Marble. 

Meerschaum. 

Microcosmic salt. 

Mohr’s sail,. 
Monazite. 

Muriatic acid. 
Muriate 

Nordhausen acid. 
Niter. 

Ocher. 


Sec bleaching powder. 

Carbon dioxide. 

Lead chromate. 

A mineral, mercuric sulfide. 

Ferrous sulfate, FeS()4.7II 2 0. 

Mercuric chloride, HgClj. 

Potassium acid tartrate, KHCdLO#. 

A solution of sodium hypochlorite and chloride, 
usually containing boric acid. 

Magnesium sulfate, MgSO*. 

Methane, CIL. 

(of sulfur, tin, zinc). Finely divided sulfur, produced 

■ by distillation; or the oxide of the metal named. 

A mineral, calcium fluoride. 

Nitric acid of a concentration greater than that of the 
usual “ concentrated ” (05%) acid. In conse¬ 

quence of part ial decomposition, it is colored yellow, 
from dissolved N() 2 . * 

A solution of sulfur trioxide in concentrated sulfuric 
acid. 

A mixture of poisonous higher alcohols, obtained in the 
purification of ethyl alcohol by fractional distillation. 

Sodium sulfate, Na 2 S0 4 .101LO. 

Native sodium chloride, Na(’l. 

A transparent, crystalline variety of native calcium 
carbonate, C'aCOj. 

A natural alloy of iridium and osmium, remarkable for 
its hardness and resistance to acids. 

Cadmium sulfide, CdS. 

A solution of sodium hypochlorite, first used as an 
embalming fluid. 

Nitrous oxide, Nj(). 

A solution of calcium hydroxide, Ca(OH) 2 . 

Silver nitrate, AgNOj. 

A light, fluffy form of magnesium oxide, MgO. 

Methane, CIL. 

A native form of calcium carbonate. 

A hydrated magnesium silicate, related in chemical 
composition to talc and asbestos. 

Sodium, hydrogen, ammonium phosphate, 

NuNILHPCL. 

Ferrous ammonium sulfate, F 0.SO4. (NIL) 2 SO 4 . 6 H 2 0. 

A complex mineral serving as a source of cerium and 
other rare earth elements. 

Hydrochloric acid. 

(of ammonium, potassium, etc.). The chloride of the 
metal named. 

See fuming sulfuric acid. 

Potassium nitrate. In ancient times the word was 
also applied to potassium carbonate. 

Ferric oxide, Fe 2 O a . 
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Oil of vitriol. 
Oleum. 

Orpiment. 

Pearl ash. 
Permanent white. 
Petroleum ether. 

Phlogiston. 


Pitchblende. 

Plumbago. 

Prussic acid. 
Purple of Cassius. 

Pyrene. 

Pyrogallic acid. 

Pyroligneous acid. 

Pyrosulfaies. 

Pyrophosphates. 

Pyrolusitc. 

Quicklime. 

Realgar. 

Ited prussiale of 
potash. 

Regulus. 

Rochelle salt. 
Rock salt.. 

Saccharin. 


Sal ammoniac. 
Sal soda. 

Sal tartar. 

Sal volatile. 
Saleratus. 

Salt, common. 
Salt of lemon. 
Salt, of tartar. 
Saltpeter. 
Saltpeter, Chile. 
Scheele's green. 
Soluble gates 


Concentrated sulfuric acid. 

See fuming sulfuric acid. 

A mineral, arsenic trisulfide, As 2 S 3 . 

Potassium carbonate, KjCOa. 

Barium sulfate, BaS0 4 . 

A mixture of the lower-boiling paraffin hydrocarbons 
(§ 344). 

A hypothetical substance, which before the time of 
Lavoisier was thought, to be concerned in oxidation 
and reduction. A substance which was burned or 
oxidized was assumed to lose phlogiston in the 
process. 

A complex uranium mineral, which served as the first 
source of radium. 

Graphite, C. 

Hydrocyanic acid, 1ICN. 

A form of colloidal gold, adsorbed on stannic oxide, or 
some other finely divided, white material. 

A trade name for carbon tetrachloride, GC’b, used in 
fire extinguishers. 

Pyrogallol, CV.H. t (()ll).», used in alkaline, solution, as an 
absorbent for oxygen (§ 2 K 0 ). 

Impure acetic acid, produced by destructive distilla¬ 
tion of wood. 

Sails of the hypothetical pyrosulfuric acid, H 2 S-.0 7 . 

Salts of the hypothetical pyrophosphoric acid, ILP/) 7 . 

Manganese dioxide, MiiOj. 

Calcium oxide, Cat). 

A mineral, arsenic disulfide, Ak 2 S 2 . 

Potassium ferrieyanide, KaFe(CN)o. Intensely poison¬ 
ous. 

Antimony, or some other metal, prepared from its ores 
by reduction. 

Potassium sodium tartrate, KNaOJI,O n . 

An impure form of sodium chloride, identical with the 
mineral halite. 

An organic, compound, benzolsulfimide, 

Cr.II 4 -CO.NH.SOii, several hundred times as sweet as 
sugar. 

Ammonium chloride, NILCi. 

Sodium carbonate, NihC<h.10ll 2 (). 

Potassium carbonate, Iv_>( 

Ammonium carbonate, (NIL) 2 C() 3 . 

Sodium or potassium bicarbonate, NallCOj or KIICO*. 

Sodium chloride, Nad. 

Potassium acid oxalate, KHO/L. 

Potassium carbonate, K 2 C() 3 . 

Potassium nitrate, KN() S . 

Sodium nitrate, NaNOj. 

Cupric hydrogen arsenite, CulIAsOj. 

(water glass). Sodium silicate, (§ 410). 
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Silvitc. 

Slaked lime. 

Spirits. 

Spirits of ammonia. 
Spirits of ammonia, 
aromatic. 

Spirits, Cologne. 
Spirits of hartshorn. 

Spirits, methylated. 
Spirits, sweet, of niter. 
Spirits, wood. 

Starch gum. 

Stibnite. 

Sulfhydrate 

Tartar. 

Tartar emetic. 
Technical. 

Tin salt. 

Tinstone. 

Topaz. 

Turnbull’s blue. 


Turpeih. 

Ultramarine. 


Ultramarine yellow. 
Venetian red. 
Verdigris. 

Vitriol. 


Vitriol, oil of. 
Whiting. 

Yellow prussiate of 
potash. 


Native potassium chloride, KC1. 

Calcium hydroxide, Ca(OII) 2 . 

Ethyl aclohol. 

A solution of ammonia gas in alcohol. 

A solution of ammonia gas mid ammonium carbonate 
in alcohol. 

Ethyl alcohol. 

A solution of ammonia and ammonium carbonate in 
alcohol. 

Ethyl alcohol, denatured with methyl alcohol. 

A solution of ethyl nitrite, C 2 HiN0 2 , in alcohol. 

Methyl alcohol, CH 3 OH. 

Dcxtrip. 

A mineral, antimony trisulfide, Sb 2 S 3 . 

*'>f ammonium, potassium, etc.). The acid sulfide of 
the given metal; asNH 4 HS. 

Potassium tartrate, K 2 C 4 H t O«. 

Potassium antimonyl tartrate, TC(SbO)C 4 II 4 Os. 2 TI 2 (U 

(As produced on a commercial scale, and usually 
impure.) 

Crystallized stannous chloride, SnCl 2 .2II 2 0; or a 
double salt, stannous ammonium chloride. 

A mineral, cassiterite, Sn() 2 . 

A complex aluminum silicofluoride. 

A blue, pigment, approximating the composition of 
ferrous ferrioyanide, FejCuNu, use for “blueing" 
in laundering. 

Mercurous sulfate, Hg 2 S0 4 . 

A violet, blue, or blue-green pigment, identical with 
blue mineral lajris lazuli , and made by heating clay 
with sodium sulfate, charcoal, and sulfur. The 
material is of variable composition, and its color 
presumably a colloidal phenomenon. 

Barium chromate, BaCr0 4 . 

Ferric oxide, Fe 2 0 3 . 

A basic cupric acetate. “Crystallized verdigris” is the 
normal acetate. 

Holers to a metallic sulfate. Blue vitriol is cupric 
sulfate, CuS0 4 .f>Il 2 (); green vitriol is ferrous sulfate, 
FvS0 4 .7IJj(); white vitriol is zinc sulfate, 
Zn»S0i.7ir 2 0. 

Concentrated sulfuric acid. 

Chalk, calcium carbonate, CaC0 3 . 

Potassium ferrocyanide, K 4 Fe(CN)e.II 2 0. In contrast 
with the red prussiate of potash, K a Fe(CN)«, it is 
practically noil-poisonous. 



J. TEMPERATURE SCALES (see page 23) 


T C 


6000- 


6000- 


_-3600 Temperature of Electric Arc 

_ 3400 Tungsten melts (3500° C.) 


-3300 

-3200 

-3100 

-3000 


4000- 


8000. 


2000 


1000 


Ab.P- 


-2900 

-2800 

-2700 

-2600 Lime melts (2.570° C.) 


-2600 Molybdenum melts (2500° C.) 


-2400 Temperature of Oxy-acetylene Flaijje 
-2300 
-2200 
-2100 
-2000 
-1900 
-1800 


Alumina melts (2050° C.) 


—1700 


-1600 

-1500 

-1400 

1300 


Platinum melts (1750° C.) 
Silica melts (1670° C) 


1200 Temperature; of Open Hearth Furnace. 
1100 White heat 

Copper melts (1083° C.) 


1000 
900 
800 
700 
600 

600 Dull Red Heat 


Bright Red Heat 


-400 

- 300 Lead melts (327° C.) 

- *200 

-4ioo Water boils (100 °C.) 

- 0 Room Temperature 

- —ioo 

— --200 


Helium liquefies (—270° C.) 
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K. BIBLIOGRAPHY 


Interesting articles on chemical topics arc constantly appearing in the 
popular magazines. Refer to appropriate headings in “ Poole’s Index ” and 
Wilson’s “Readers’ Guide.” Especially,consult recent issues of “Smithson¬ 
ian Reports.” 

Beginners are often helped by supplementary reading in a high-school 
text-book. Excellent presentations are those by Brownlee and others; 
Conant and Black; Gray and others; McPherson and Henderson; and 
Morgan ami Lyman. The reference library should also include recent college 
texts: Hildebrand; Holmes; McPherson and Henderson; Norris; and 
Alexander Smith. 

The following bibliography lists books suitable for popular reading, on 
topic,s included in the present, text; and, in addition, a few standard reference 
books. An edition o f 11)20 or later is available, unless otherwise indicated. 
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Bcrthoud. 

Hammond. 

Harrow. 

Kendall. 

Lawson. 
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Whet hair. 

Whctham and Whet- 
ham. 

Whitney. 

Woodruff. 


Pioneers of Progress (Macmillan). 

Stories of Scientific Discovery (Cambridge Univ. 
Press). 

Contemporary Science (Boni «fe Liveright, New 
York). 

Civilization and the Microbe (Houghton Mifflin'). 
The New Physics (Dutton <fc Co.). 

Chats on Science (Century Co.). 

Keeping Up with Science (llarcourt, Brace & Co.) 
Recent Development of Physical Science (Blakis- 
lon’s). 

Cambridge Readings in the Literature of Science 
(Cambridge Univ. Press). 

Soil and Civilization (Van Nostrand). 

Development, of the Sciences (Yale Univ. Press). 


Armstrong. 
d’Albe. 

Duncan. 

Duncan, 

Engineering Founda 
tion. 

Findley 
Harrow. 

Hendrick. 

Howe. 

Martin. 

Pilcher and Butler-Jones 

# 

Slosson. 

Stillman. 


Popular Books on Chemistry 

Chemistry in the Twentieth Century (Macmillan). 
Contemporary Chemistry (Van Nostrand). 
Chemistry of Commerce (1908) (Harper & Bros.). 
Chemical Problems of To-day (1911) (Harper & 
Bros.). 

Research Narratives (Williams & Wilkins Co., Bal¬ 
timore). 

Chemistry in the Service of Man (Longmans, Green). 
Famous Chemists of Our Time. 

Everyman’s Chemistry (Harper & Bros.). 

Chemistry in Industry (Chemical Foundation). 
Modern Chemistry and Its Wonders (Van Nostrand). 
i.What, Industry Owes to Chemical Science (Van 
Nostrand). 

Creative Chemistry (The Century Co.). 

The Story of Early Chemistry (t). Appleton & Co.). 
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Tilden. Chemical Invention and Discovery in the Twentieth 

Century (E. P. Dutton <fe Co.). 

Famous Chemists (E. P. Dutton & Co.). 

Treatises on Inorganic Chemistry 

Friend. Textbook on Inorganic Chemistry * (Longmans, 

Croon). 

Mollor. Comprehensive Treat iso on Inorganic Chemistry and t 

Theoretical Chemistry * (Longmans, Croon). 

ltoseoe and Schorlem- 

men. Treatise on Chemistry (Vols. land 11) (Macmillan). 

Organic Chemistry 

Chamberlain. Organic Chemistry (Blakiston’s). 

Holleman-Walker. Organic Chemistry (Wiley Sons). 

Lowy and Harrow. , Organic Chemistry (Wiley & Sons). 

An interesting simplified presentation is: 

Itemsen. Organic Chemistry (Holt & Co.). 

* In a series of volumes not yet complete. 

Analytical Chemistry 

Treadwell-Ilall. Analytical Chemistry (Wiley & Sons). 

Physical Chemistry 

Getman. Outlines of Theoretical Chemistry (Wiley & Sons). 

Morgan. Elements of Physical Chemistry (15)IK) (Wiley & 

Sons). 

For a presentation emphasizing developments of the past few years: 
Millard. Physical Chemistry (McGraw-Hill). 

More advanced in character: 

Washburn. Physical Chemistry (McGraw-Hill). 

Applications of Chemistry in Industry 

Liddell. Handbook of Chemical Engineering (2 vols.) 

(McGraw-Hill). 

Molinari. General and Industrial Chemist r> (15)13) (Van 

Nostrand). 

Rogers. Industrial Chemistry (Van Nostrand). 

Handbooks of Numerical Data 

Comey-Hahn. Dictionary of Chemical Solubilities (Macmillan). 

Hodgeman and Lange. Handbook of Chemistry and Physics (Chemical 

Rubber Co.). 

Kaye and Laby. Tables of Physical and Chemical Constants (1918) 

(Longmans, Green). 

Chemical Annual (1913) (Van Nostrand). 


Olsen. 
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Seidell. 


Solubility of Inorganic and Organic Substances 
(1907) (Van Nostrand). 


EfF ront-Preseott. 
Falk. 

Henderson. 

Rideal-Taylor. 

Sabatier-Reid." 


Catalyzers and Catalysis 

Biochemical Catalysts in Life and Industry (Wiley & 
Sons). 

Catalytic Action (Chemical Catalogue (to.). 
Catalysis in Organic Chemistry (Longmans, Green). 
Catalysis in Theory and Practice (Macmillan). 
Catalysis in Organic Chemistry (Van Nostrand). 


Harrow. 

Hawk. 

Sherman. 


Food and Nutrition 

Vitamins. 

What to Eat. 

What Wo Eat and What Happens to It (Popular) 
(1919) (Harper & Bros.). 

* Chemistry of Food and Nutrition (Macmillan). 

The Vitamins (Macmillan). * 

Food Products (Macmillan). 


Colloids 


Alexander. 

Arndt-Katz. 

Bancroft. 

Beehhold-Bullowa. 

Bogue. 

Burton. 

Ostwnld-Fisoher. 


Zsigmondy. 

Zsigmondy and Spear. 


Colloid Chemistry (Van Nostrand). 

Colloids m the Industrial Arts (Popular) (Chemical 
Publishing Co.). 

Applied Colloid Chemistry (McGraw-IIill). 

Colloids in Biology and Medicine 1 (Van Noslrand). 

Theory and Application of Colloidal Behavior 
(2 vols.) (McGraw-Hill). 

Physical Properties of Colloidal Solutions (Long¬ 
mans, Green). 

Handbook of Colloid Chemistry (19 Hi) (Blakiston’s). 

Theorttieal and Applied Colloid Chemistry (1917) 
(Wiley & Sons). 

Colloids and the Pitramicroscope (1909) (Wiley & 
Sons). 

The Chemistry of Colloids (1917) (Wiley & Sons). 


Modern Theory of the Structure of Atoms 

Bert howl. New Theories of Matter and the Atom (Macmillan). 

Comstock and Troland. The Nature of Matter and Electricity (Van Nos¬ 
trand). 

Lukiesch. Foundations of the Universe (Van Nostrand). 

Mills. Within the Atom (Van Nostrand). 

Russell, Bertrand. A B C of Atoms (Dutton & Co.). 


The Electron Theory 

d'Albe. The Electron Theory (Popular) (1906) (Longmans, 

Green). 

Campbell. Modern Electrical Theory (1913) (Cambridge Univ. 

Press). 
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Thomson. 


Thompson. 


Bragg. 

Bragg and Bragg. 

Kaye. 

Thompson. 


Bragg. 

Rutherford. 

Soddy. 


Electrons (1919) (Macmillan). 

Conduction of Electricity through Gases (1906) 
(Cambridge Univ. Press). 

Electricity and Matter (1901) (Scribner’s). 

The Electron in Chemistry (The Franklin Institute). 

X-Rays and Crystal Structure 

“ Concerning the Nature of Things ” (1925) (Harper 
A Bros.) 

X-Rays and Crystal Structure (1915) (London: 
Bell A Sons). 

X-Rays (1911) (Longmans, Green). 

Light, Visible and invisible (Macmillan). 

Radioactivity 

0 

, Studies in Radioactivity (1912) (Macmillan). 
Radioactive Substances and Their Radiations (1913) 
(Cambridge I'niv. Press). 

Chemistry of the Radioactive Elements (Longmans, 
Green). 


Miscellaneous 


Aston. 

Baly. 

Blanchard and Phelan. 
Browning. 

Creighton and Fink. 
Friend. 

Mills. 

Perrin. 

Race;. 

Schenck-Dean. 

Thomson. 


Isotopes (London: Arnold & Co.). 

Spectroscopy (Longmans, Greeu.). 

Synthetic Inorganic Chemistry (Wilcv A Sons). 
Introduction to the Chemistry of the Rarer Elements 
(Wiley A Sons). 

Electrochemistry (2 vols.) (Wiley A Sons). 

Corrosion of Iron and Steel (Longmans, Green). 
The Realities of Modern Science (Atoms and 
Molecules,! (1919) (Macmillan). 

Atoms (Van Nostra rid), 

The Chlorination of Water (Wilev A Sons). 

Physical Chemistry of the Metals (Wiley A Sons). 
Rays of Positive Electricity (Longmans, Green). 


An exposition of the quantum theory of radiation is found in: 


Lodge. 


Continuity (1911) (Putnam). 
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Acetic acid, 363 
Acetylene, 350, 470 
Acid salts, 120 * 

Acid-forming elements, 64 
Acidity, momentary, reserve, and 
total, 296, 297 

Acids, 64, 109, 110; action of metals 
on, 78; active and inactive, 
111, 112; electrolytic disso¬ 
ciation of, 281; list of com¬ 
mon, 112, 113; naming of, 
142-145; organic, 315; ox¬ 
idizing, 78; preparation of, 
113, 114; summary of facts 
concerning, 130; volatile, 114 
Actinium, 593 

Activity, relative, 77, 111, 117, 281 
Adsorption, 336 

Air, a solution, 97; composition of, 
304; liquid, 61 
Albumens, 399 

Alcohol, absolute, 362; denatured, 
362; ethyl, produced by fer¬ 
mentation, 360, 361; ethyl, 
uses of, 362; grain, 359-362; 
methyl, 359; propyl, 359; 
wood, 359 
Alcohols, 559 

Alkali metals, 549, 561; analytical 
tests, 459; discovery, 449; 
preparation, 450, 451; proj>- 
erties, 450; uses, 451, 452 
Alkalies, caustic, 452-454 
Alkaloids, 379 

Alkaline earth metals, 462, 482; dis¬ 
covery and general properties, 
462 ‘ 


Allotropic forms, 253; of carbon, 290; 
of iron, 511; of phosphorus, 
277; pf sulfur, 253; of tin, 
569 

Alloys, of aluminum, 487; of anti¬ 
mony, 539; of chromium, 520; 
of copper, 539; of iron, 505- 
511; of lead, 573; of man¬ 
ganese, 573; of mercury, 562; 
of nickel, 5; of steel, 513; 
of tin, 568; of tungsten, 513; 
of zinc, 557 

Alpha rays (particles), 592, 593 
Aluminum, 4X3, 489; alloys of, 487; 
analytical tests for,.489; chem¬ 
ical properties of, 486; metal¬ 
lic, mechanical properties of, 
486; metallic, .production of, 
485, 486; metallic, use in 
reducing oxides of other ele¬ 
ments, 4S7; minerals of, 483 
nitride, 486 

oxide, hydrous, 484; an ampho¬ 
teric, substance, 485 
Alums, 488 
Alundum, 484 
Amalgamation process, 552 
Amalgams, 562 
Amino acids, 399, 407 
radical, 399 

Ammonia, 305-311; chemical prop¬ 
erties of, 309, 310; industrial 
chemistry of, 311; physical 
properties of, 308; prepara¬ 
tion from coal and shale, 
305; preparation in labora¬ 
tory, 307; relation to other 
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compounds of nitrogen, 322; 
synthesis from hydrogen and 
nitrogen (Haber process), 248, 
305, 300; synthesis from cal¬ 
cium cyanamide, 300; test 
for, 307; use in refrigeration, 
308 

Ammonium salts, test for, 307; uses 
of, 310, 313 

hydroxide, 308; solubility of coj>- 
per salts in, 542 

molybdate, 55)0; use as a test for 
phosphorus, 328 

nitrate, 310; decomposition by 
heat, 313 

Amorphous carbon, 336 
solids, 34 # 

Amphoteric hydroxides, 426, 485, 565) 
Analysis, chemical, 45; by combus¬ 
tion, 45; qualitative, 45; quan¬ 
titative, 45 
Anhydrides, acid, 114 
Animal charcoal, 336 
Anion, 276, 424 
Annealing, 511 

Anode, 442; reactions at, 442, 415 
mud, 538; extraction of silver 
from, 546 

Antimony, 330; alloys of, 331; uses 
of, 331 
Apatite, 324 
Aqua regia, 317 
Aqueous tension, 33, 188 
Argon, 580 

Arithmetic, chemical, 162-173; of 
water softening, 475 
Arsenic, 328; oxides of, 328, 329; 
test for, 329; uses of com¬ 
pounds of, 330 
Arsenates, 325) 

Arsenical pyrites, 328 
Arsenious acids, 328 
Arsenites, 328 
Arsine, 330 

Artificial silk (see Rayon) 

Asbestos, 414 
Asphalt, 355 
Association, 178 

Atmosphere, 254; analysis of, 254; 

composition of, 255 
Atom, 15; reality of, 36; structure of, 
200 


Atomic number, 196, 200; deter¬ 
mined by X-rays, 197 
theory, 15 

weights, 43; approximate, ISO; 
exact, derivation of, 184; in¬ 
ternational, front cover; two 
checks on approximate, 181 
Atoms, definition of, 15; and mole¬ 
cules, 35; not indivisible, 15; 
reality of, 36; relative weights 
of, 43; structure of, 200 
Austenite, 511 
Avogadro's principle, 26 

Babbitt metal, 568 
Bacteria, part played by, in cycle of 
liilrogfn in nature, 320-322 
Bacteriological engineering, 360 
Baking powder, 125 
Balancing equations, 48; rules for, 
116; involving oxidation and 
reduction, 155 
Barium, 482 
peroxide, 451 

Barometer, correcting for vapor pres¬ 
sure of water, 188 
Base forming element's, 04 
Bases, 64, 116; active and inactive, 
117, 28]; degree of ionization 
of, 281; preparation, 117, 118 
Basic salts, 120 
Battery, storage, 575, 576 
Bauxite, 483, 485 
Benzene, 355, 356 
Beryllium, 581 

Bessemer converter, 506; for copper, 
537; for steel, 506, 507 
Betts process, 573 
Bioses, 369 

Birkeland and Eyde process, 310 
Bismuth, 330, 331 
Bisulfites, 2G2 
Bitumen, 355 

Blast furnace, 500-501; construc¬ 
tion, 500, 501; products of, 
503, 504; reactions of, 502, 
503 

gas, 504 
lamp, 353 

Bleaching, by chlorine, 215; by hy¬ 
drogen peroxide, 94; by sul¬ 
fur dioxide, 262 
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Bleaching, powder, 215, 232 
Block tin, 568 
Blue print paper, 517 
Bohr theory, 201 
Boiler scale, 8G, 468 
Boiling point, definition, 00; ele¬ 
vation of, by solutes, 10)1, 179 
Boneblack, 336 

Borax, 420; use in testing for cobalt, 
529 

bead, 529 

Bordeaux mixture, 543 
Boric acid, 420, 421 
Boron, 420; acids of, 421 
Boyle, Law of, 24 
Brass, 539 

Brcvium, 588 * 

Brick, 493, 494 
Bromine, 23 

Bronze, 539; aluminum, 487 
Buffer sails, 298 
Bunsen flame, 352 

Burton process for producing motor 
fuel, 350 
Butane, 347 
Butyn, 380 

Cadmium, 560; chemical charac¬ 
teristics, 561; preparation and 
uses, 561 
Calamine. 555 

Calcite, 467; crystal structure of, 35 
Calcium, 468; analytical tesls for 471; 
metallic, preparation of, 468; 
need of body for, 404; salts 
of, in water, 468 
acid sulfite, 376 
carbide, 4*70 

carbonate, 467; solubility in pres¬ 
ence of carbonic acid, 467 
cyanamide, 306 

Calculations based on equations, 164; 

how to check, 166 
Calomel, 562 

Calorie, 246; definition, 620 
Calorimeter, 340, 401; respiration, 
401 

Cane sugar, 3G9-371 
Cannizaro, 44 
Carbides, 339, 480 

Carbohydrates, 369-376; definition, 


369; digestion and absorp¬ 
tion, 395-397 

Carbon, 334; amorphous, 336; cycle 
of, in nature, 334, 335; com¬ 
parison with silicon, 409; prop¬ 
erties of, 339 
black, 336 
dioxide, 340, 341 
disulfide, 343, 344 

monoxide, 341, 342; action of, in * 
case-hardening steel, 512 
Carbonates, 335, 341 
Carbonic acid, 343; salts of, 335, 341 
Carlxmyl chloride, 218, 343 
Carborundum, 418 
Carnallite, 457, 463 
Carnot,ite, 583, 590 
Case-hardening, 512 
Casein, use in preparing adhesives, 
392 

Cassiterite, 507 
Cnstner cell, 451 
Catalysis, 59 

Catalytic agent (catalyzer), 59, 240; 
cupric oxide, in preparation of 
oxygon from sodium peroxide, 
58; ferric oxide, in preparation 
of sulfuric acid, 204; man¬ 
ganese dioxide, in preparation 
of oxygen from potassium 
chlorate, 56; platinum, 595; 
platinum in preparation of 
nitric acid from ammonia, 315 
Cataphoresis, 392 

Cathode, 442, 445; reactions at, 442 
rays, 197 
C'ation, 276, 424 
Caustic alkalies, 452 

potash (potassium hydroxide), 452; 

use in making soft soap, 366 
soda (sodium hydroxide), 452; chief 
uses, 453, 454; preparation, 
452, 453; use in making hard 
soap, 366 

Cell, electrochemical, 441; primary, 
443-445; storage, 575, 576 
Celluloid, 374 

Cellulose, 373-376; classification of 
industries using, 373; esters 
of, 374, 375 
acetate, 374 
nitrate, 375 
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Cement, 477; Keene’s, 407; mag¬ 
nesium oxychloride, 404; Port¬ 
land, 477; setting of, 480, 4K1; 
manufacture of, 479; chem¬ 
ical composition of, 480 
Cementite, 511 
Ceramic products, 492 
Cerium, 585 
Chalcopyrite, 252 
Chalk, 330, 409 
Chamber process, 205, 200 
Changes, physical and chemical, 6 
Charcoal, 330; activated, 330; ani¬ 
mal, 330 

Charles, Law of, 25 
Chemical action, conditions affecting 
rate of, 239 
change, 0, 9 * 

Chemistry, 1; distinguished from 
physics, It); noteworthy events 
in history of, 010; organic, 334; 
place in a general education, 3; 
subdivisions of, 2, 3 
China clay, 492 
Chinaware, 495 
Chlorates, 233, 231 
Chloric acid, 234 

“Chloride of lime” (bleaching pow¬ 
der), 215, 232 

Chlorides, 205; test for, 21G 
Chlorination process, 552 
Chlorine, 201, 208; action on water 
and bases, 214; bleaching by, 
215; comparisonwitli other hal¬ 
ogens, 225; direct union with 
other elements, 213, 214; dis¬ 
covery of, 204; occurrence. 
205; liquid, 212, 214; physi¬ 
cal properties, 212; prepara¬ 
tion by electrolysis, 210-212; 
preparation by oxidation of 
hydrogen chloride, 208-210; 
proof of its elementary nature, 
204; test for, 210; use in ex¬ 
tracting gold from ores, 552; 
uses, 217 , 

Chloroform, 303 
Chlornlatinie aeid, 595 
Chromates, 521, 522; oxidizing ac¬ 
tion of chromates, 518 
Chrome iron ore, 519 
yellow, 510 


Chromic anhydride (chromium triox¬ 
ide), 523 
oxide, 520 
salts, 521, 522 
Chromite, 519 

Chromium, 519; metallurgy, 520; 
occurrence, 519; properties 
and uses, 520; salts, uses of, 
520; steel, 513, 514; tests for, 
523, 524; valences, 521 
trioxide, 523 
Clirornous salts, 521 
Cinnabar, 501 

Chcuit of an electrochemical cell, 332 
Claude process for liquid air, 01 
Clay, 191, 492 
products*492 

Cleansing action of soap, 307 
Coal, 335; ammonia from, 305 
gas, 351; recovery of benzene from, 
351 

tar products, 355 

Coatings, protective, for iron and 
steel, 510 
Cobalt, 528, 529 
(Vuine, 379, 380 
Cochineal, 295 
( okc, 337 

Coking ovens, regenerative, 337 
Colemanite, 420 
Collodion, 374 
Colloidal dispersion, 99 
particles: size, 99; electrical trans¬ 
ference of, 392 

solutions, 98; two classes of, 387, 
388; precipitation by electro¬ 
lytes, 387 

state of matter, 384 
Colloids, 384-393; hydrophilic, 98; 
and life, 385; precipitation of, 
387; protective, 390; methods 
for preparing, 015 

Colored substances and dyestuffs, 
370 378 

Columbium, 588 
Combining weights, 43 
Combustion, 02; analysis bv, 4o 
Complete reactions, conditions for, 
157 

Complex ions, 542, 549 
salts, 542, 549 
Components, 10 
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Compounds, 13 

Concentration, 171; effect of on 
speed of reactions, 240-242; 
three ways for expressing, 
171 

process, for ores, 427, 535, 567 
Concrete, 47S 

Conductivity, 275; degree of ioniza¬ 
tion from determinations of, 
2S0; of molten salts and alka¬ 
lies, 277; of solutions, with 
increasing dilution, 270 
Conservation of weight (mass), law 
of, 40 

Constantan alloy, 532 
constituents, 10 

Constant composit ion, he# of, 41 
Converter, llessemer, 506; copper, 
537 

Copper, 534-544; alloys of, 530; 
blister, 537; chemical char¬ 
acteristics, 540; complex ions, 
511; complex salts, 512; com¬ 
pounds, 543, 544; concentra¬ 
tion of ores by froth flotation, 
535; matte, 536; physical 
properties, 530; predominance 
of United States in produc¬ 
tion of, 535; refining, elec¬ 
trolytic, 538; smelting, 536; 
tests for, 543 
Cordite, 375 

Com sirup (glucose sirup), 372 
Corrosion of iron and steel, 511, 
515; protection against, 515, 
512 

Corrosive sublimate, 562 
Corundum, 4K4 
Cotton, rrn rcerized, 373 
Cottrell process (electrical precipita¬ 
tion of dust), 457 
“Crocking” of oils, 350 
Critical temperature, 91 
Cryolite, 483, 485 
Crystalline form, 34 
Crystallization, water of, 84 
Crystals, 33; determination of atomic 
structure of, with X-rays, 33 
Cupric compounds, 540, 543, 544 
Cuprous compounds, 540 
Curie, Madame, 522, 618 
Cyanamide process, 306 


Cyanide process; for extracting gold, 
553; for extracting silver, 547 
Cyanides, 344 
Cyanogen, 344 

Cycle; of carbon, 335, 336; of nitro¬ 
gen, 321, 322 

Dakin’s solution, 233 
Dalton, 27, 42 

Dalton’s law of partial pressures, 27 
Dalton’s principle, 42 
Daniell cell, 444 

Davy, discovery of alkali metals by, 
449 

Deacon process, 210 
Decomposition, 12, 123; double, 124 
Definite (constant) composition, law 
of, 41 • 

Degree of dissociation, 279; from 
conductivity, 280; from freez¬ 
ing points, 279; of different 
classes of electrolytes, 281 
Deliquescent substances, 85 
Denatured alcohol, 362 
Density, 24; of gases, 24; of water, 
89; relative, of gases, com¬ 
pared with air, 177 
Depolarizers, 444 
Developer, photographic, 551 
Dextrin, 372 
Dextrose (glucose), 369 
Dialysis, 399 

Diamond, 338; artificial, preparation 
of, 339; crystalline structure 
of, 35 

Diastase, 360, 396 

Diehromates, 521, 522; oxidizing ac¬ 
tion, 522 

Diets, standard, 406-408 
Diffusion of gases, 28, 29; as related 
to velocity of molecules, 30 
Digestion, 126, 395-400; of carbohy¬ 
drates, 396; of fats, 397; of 
proteins, 398 
Disperse phase, 386 
systems, types of, 386 
Dispersion, degree of, 99 
medium, 386 

Displacement, 76, 155; of hydrogen 
by a halogen, 230; of one 
halogen by another, 230; of 
one metal by. another, 122 
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Dissociation, 110, 178; electrolytic 
(ionization), 270, 277 
degree of, as determined by con¬ 
ductivity, 280; degree of, as 
determined by freezing-point 
data, 279; degree of, for dif¬ 
ferent classes of electrolytes, 
281 

Distillation, 88, destructive, 305, 351; 

fractional, 89 
Distribution law, 547 
Dolomite, 834, 403 
Double decomposition, 121, 101; 

ionic formulation of, 101; 
when complete, 73, 157 
salts, 457 
Dry cells, 443 
Duco, 300 * 

Dulong and Petit, 182 
Duriron, 420 

Dyeing, direct, 377; indirect, 378 
Dyestuffs, 377; synthetic, 378 

Earth’s crust, composition of, 14 
Efflorescent substances, 85 
Electric currents, how produced by 
chemical action, 440 
Electrically charged particles in com¬ 
mon salt solution, 274 
Electrical charges on colloidal par¬ 
ticles, 387, 892 

transference of colloidal particles, 
392 

Electricity, historical sketch of devel¬ 
opment, 271 

Electrochemical cells, 441 
series, 77, 437-440 
Electrodes, 70 

Electrolysis, 70; of fused caustic soda, 
450; of sodium chloride solu¬ 
tions, 210-212 

Electrolyte (liquid), definition, 70 
Electrolytes (ionizedsubstances), 275; 
instantaneous reactions be¬ 
tween, 273; molten, 277; phys¬ 
ical properties of solutions of, 
274 

Electromotive force, 438, 443, 020 
Electrons, 141, 200; and valence, 141; 
identical with beta-particles, 
592,593; ionization in terms of, 
150; loss of, by atoms, 150, 


282; number in atom, 200; 
oxidation and reduction in 
terms of, 150; transfer from 
one kind of atom to another, 
282 

Electroplating, 530, 549 
Electrotyping, 540 
Elementary substances, 13 
Elements, 13; common, 14; decom¬ 
posing, 593; five types of, 
192, 193; passing in review, 
189, 191; radioactive, 582, 
587, 591; spectroscopic test 
for, 400; table of, 190, 195; 
unstable, 592; valences of, 
137, 194 
Emory, 484 • 

Emulsions, 380 
Emulsoids, 388 

Enamels, for iron and steel, 510 
Energy, 22; requirements of body for, 
400, 401; transformations of, 
22, 245 

Enzymes, 00; in digestion, 390 
Equations, 48, 57; balancing of, 49, 
140, 155; how obtained from 
experimental data, 185; how 
translated into ionic form, 158; 
problems based on, 104; ther- 
inoehemieal, 240 

Equilibrium, 73, 244; as affected by 
excess of one reactant, 245; 
as affected by temperature, 
240; chemical, 73; decrease 
of speed of reactions, in ap¬ 
proaching, 243, 244; economic, 
455; molecular, 248; nitro¬ 
gen, in nutrition, 402; not 
affected by direction in which 
it is approached, 244; physio¬ 
logical, 248; true, as distin¬ 
guished from slow reaction 
rate, 247 

Equivalent quantities, 128 
Escaping tendency, of solvent mole¬ 
cules, 104 

Essential oils (essences), 357, 381 

Esters, 304, 305; of cellulose, 374, 375 

Etching of glass, 235 

Ethane, 347 

Ether, 302 

Ethylene, 379 
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Evaporation, 32 

Excess, 73; effect of, on equilibrium, 
24.5 

Explanations, scientific, 21 
Explosion, 213 


Factors, chemical, 107 

Family (group), of elements, 220, 50:} 

Faraday’s Law, -110 

Fats, 305; digestion of, 397, 398; 

saponfication of, 300 
Fatty acids, 305 
Folding's solution, 370 
Feldspar, 190 
Fermentation, 300, 301 
Ferric alum, 517 

salts, reduction by hydrogen sul¬ 
fide, 257; tost for, 517 
Ferrite, 511 
Forroehrome, 519 
Ferromanganese, 524 
Ferrosilieou, 419; in preparation of 
hydrogen, 75 

Ferrous salts; oxidation to ferric con¬ 
dition, 510; test for, 517 
sulfide, 251 

Fertilizers; nitrogen, 310, 320; phos¬ 
phate, 327; potassium, 457; 
sulfur, 254 

Films, photographic, manufacture of, 
374, 375 
Fire clay, 192 

extinguishers, use of bicarbonates 
in, 341 

Fixation of nitrogen, 321, 322 
Fixing bath, 551 

Flames, luminosity of, 352; oxidiz¬ 
ing, 353; reducing, 353; re¬ 
versed, 352; structure of, 352 
Flame test for alkalies and alkaline 
earths, 459 

Flaming arc carbons, 585 
Flavors, synthetic, 380 
Flint, 413 

Flotation method for concentrating 
ores, 535, 536 
Fluorides, 235 

Fluorine, 225; isolation, by Moissan, 
227 

Fluorspar, 234 
Flux, 428 


Food; ash constituents of, 403, 404; 
functions of, 395; composition 
and fuel value of, 613 
Force, 620 

Formulas, chemical, 46; how derived, 
133, 192; how to develop skill 
in writing, 145, 146; how to 
remember, 142-145; of ele¬ 
ments, 183; structural, 138- 
MO 

Franklinite, 555 
Frary metal, 468 
Freezing curve, 90 
point, 50, 103, 179; abnormally 
low, 179, 279 

method for determining molecu¬ 
lar weights, 179 
Froth flotation’, 535, 536 
Fructose (glucose), 369 
Fuel oil, 350 

values of combustible substances, 
623 

Fuels, determination of heating value 
of, 340, 401 
Fuller’s earth. 493 

Furnace, electric; for aluminum, 456; 
for calcium carbide, 470; for 
ferrosilieou, 419; for reducing 
chrome iron ore, 520; for steel, 
510 

puddling, 504 
Fusible metals, 561 

Galena, 571, 572 
(lallium, 585 
(lalvanized iron, 557 
(iangue, 427 

(las, 24; blast-furnace, 504; coal, 
351; natural, 347; producer, 
342; water, 74; weight of any, 
relative to air, 177 
mantles, 588 

Gases; diffusion of, 29, 30; effect of 
pressure and temperature on 
volumes of, 24, 25,175; molec¬ 
ular theory of, 24-26; relative 
volumes of, 165; solubility of, 
102; properties of some com¬ 
mon, 614 
Gasoline, 350 
Gay-Lussac, Law of, 79, 80 
tower, 266 
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Gel, 390, 391; formation of, in sotting 
of concrete, 470 
German silver, 532 
Germanium, 588 

Glass, 410-418; etching of, by hydro¬ 
fluoric acid, 235; for chemical 
apparatus, 418; lime-soda, 410; 
optical, 417; water-, 410 
Glover tower, 26G 
Glucinum, 581 

Glucose, 309; from starch, 309; from 
cane sugar, 370; in blood, 390; 
oxidation in body, 397 
svrup, 372 
Glycerides, 305, 300 
Glycerol, 300, 305, 300; cement, with 
litharge, 574 
Glycogen, 397 

G. M. V. (see Gram-molecular vol¬ 
ume) 

Gold, 552-554; annual production of, 
553; as standard of value, 553; 
chemical properties, 554; met¬ 
allurgy, 552; white, 532 
plating, solutions for, 554 
telluride, 552 

Goldschmidt process (.sec Thermite). 
Graham, Law, of, 30 
Gram, 39 

Gram-atom (gram-atomic weight), 
44 

Gram-equi valent, 171 
Gram-molecular volume, 103 
Gram-molecule (gram-molecular 

weight, mole), 47; from vapor 
density, 177 
Granite, 411, 491 

Graphical summaries (.sec Summa¬ 
ries). 

Graphite, 338 
Group (.sec Radical). 

Guncotton, 375 
Gypsum, 407 

Haber process, 300 
Halates, 231 

Half-change period, of radioactive 
elements, 593 

Halogens, 220-238; action as oxidiz¬ 
ing agents, 229; action on 
alkalies, 231; action on com¬ 
pounds oi other halogens, 230; 


action on hydrocarbons, 230; 
action on water, 230; direct 
union with other elements, 
228; graphical summary of 
properties of, 237; physical 
properties of, 225; preparation 
by electrolysis, 227; prepara¬ 
tion by oxidation of hydro¬ 
halogen acids, 220; uses, 235 
Halogen hydrides, 220-225; chemical 
properties of, 223; preparation 
by hydrolysis of phosphorus 
halides, 222; preparation from 
sails (metallic halides), 221 
Hard water, 473; softening by pre¬ 
cipitation, 473; softening by 
porimnite, 470 
Hardening steel, 511 
Hardness, permanent, 473; tempo¬ 
rary, 473 

Hare, Robert, Go, 271 
Heat, 22; evolved in a reaction equal 
to that absorbed in reverse 
reaction, 240; measurement by 
calorimeter, 340, 401; of com¬ 
bustion, 340, 354 

Helium, 579; a product, of radioactive 
decomposition of radium, 592 
Hematite, 499 
Henry, Law of, 102 
Hess, Law of, 355 
Hexane, 347 
llopcalitc, 529 

Hydrates, 84; efflorescence of, 85 
Hydration, water of, 84 
Hydrazine, 310 
Hydriodie acid, 222, 224 
Hydrobromic acid, 222 
Hydrocarbons, 340; paraffin, 346, 
347; sources of, 340; saturated 
and unsaturated, 340 
Hydrochloric acid, 207; action of 
oxidizing agents on, 208-210; 
properties of, 208; uses of, 217 
Hydrocyanic acid, 344 
Hydrofluoric acid, 235 
Hydrogen, 09; discovery, 09; direct 
union with sulfur, 255; occur¬ 
rence, 09; physical properties, 
78; preparation, commercial, 
71; preparation, from acids, 76; 
preparation from water, 71,72; 
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preparation from water gas, 
74; reducing properties of, 81; 
sources of, 70; uses of, 81 
Hydrogen, bromide, 221, 222 
chloride, 114; properties of, 203 
solubility of, 206 
cyanide, 344 
electrode, 296 
fluoride, 235 

iodide, 223;•dissociation of, 242 
peroxide, 93, 94 

sulfide, 254-259; as an inactive 
acid, 256, 257; as a precipi¬ 
tant, 258; as a reducing agent, 
257; preparation of, 254; test 
for, 255 

Ilydrogen-ioii, 111 
Hydrogen-ion concentration, 296 
Ilydroiialogen acids, 220-223 
Hydrolysis, 92, 125, 126, 101; ionic 
interpretation of, 161, 291; 
practical applications of, 125, 
126; of different types of 
salts, 127 

Hydrophilic colloids, 198 

Hvdrosols, 3K7 

Hvdroxylainine, 310 

Hydroxyl radical, 77 

“Hypo” (sodium thiosulfate), 263; 

use in photography, 551 
Ilypobromites, 231 
Hypochlorites, 231, 232 
llypochlorous acid, 214, 215 

Ice, manufacture of, 308 
Ulium, 531 

Indicators, 127; cause of color change 
in, 294; choice of, 295 
Indigo, 377 
Tndium, 585 

Inert gases, 192, 302, 579-581 
Ingredients, 10 

Inversion of cane sugar, 369, 370 
Invertase, 369, 370, 396 
Invert sugar, 370 
Iodat.es, 234 

Iodic acid, 234; experiment on veloc¬ 
ity of reduction of, by sulfur 
dioxide, 240 

Iodine, 225; reduction by hydrogen 
'sulfide, 258; tincture of, 235 
Iodine pentoxide, 234 


Iodoform, 363 

Ionic equations, how to write, 158- 
160 

Ionic theory, 105, 271-300; difficul¬ 
ties in connection with, 283; 
summary of facts in favor of, 
283, 284; summary of impor¬ 
tant applications, 299, 300 
Ionization, 106, 275; degree of, for 
different classes of elect ro¬ 
ly tes, 281; degree of, from 
conductivity data, 280; degree: 
of, from freezing-point data, 
279; of water, 289; repression 
by a common ion, 296 
Ions, 105, 106; electrical charge on, 
276; names of, 106, 107; 
properties, 286 
Iridium, 595, 596 . 

Iron, 499, 516; alloys of, 505, 511; 
analytical tests for, 517; cast, 
503; compounds of (see also 
Ferric and Ferrous Salts), 516; 
galvanized, 557; metallurgy 
of, 500, 504; need of laxly for, 
360; ores of, 499; passive 
state of, 516; pig, 503; pro¬ 
tection of, against rusting, 516; 
Russian, 516; sherardized, 557; 
wrought., 504, 505 
family, comparison of members (if, 
525 

Isomers, 300, 529 
Isoprene, 356 
Isotopes, 198 

Jellies, 388, 390, 391 

Kaolin, 484, 496 
Keene’s cement, 468 
Kelp, potash from, 457 
Keratins, 398 
Kindling temperature, 62 
Kinetic (molecular) theory, 25 
Kipp generator, 76 
Krypton, 580 

Lacquers, 366 
Lactose, 396 
Ijampblaek, 336 

Langmuir, theory of atomic struc¬ 
ture, 201 , 
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Laughing gas (nitrous oxide), 313 
Lavoisier, experiments of, on compo¬ 
sition of atmosphere, 50 
Law, 20; (principle) of Avogadro, 20; 
of Hoyle, 24; of Charles, 25; 
of conservation of matter or 
weight, 40; of constant com¬ 
position, 41; of Dalton, 27; of 
definite proportions, 41; of dis¬ 
tribution, 547; of Dulong and 
Petit, 182; of Faraday, 440; of 
Gay-Lussac, 80; of Graham, 
30; of Henry, 102; of Hess, 355; 
(principle) of IjG Chatelier, 
248, 249; of mass action, 242; 
of multiple proportions, 93; 
periodic, 199, 200; of radio¬ 
active disintegration, 593; of 
Raoult. (freezing-point law), 
179; of related composition, 
93; of Van't. Hoff, 24G 
Laws natural, 20 

Lead, 571-570; compounds of, 570, 
577; electrolytic refining, 573; 
metallurgy, 572; occurrence, 
571; oxides of, 571, 575; pig, 
572; properties of, 573; radio¬ 
active, 117; recovering silver 
from, 547; red, 575; sugar of, 
577; uses, 571, 575; white, 570 
acetate, 577 
arsenate, 577 
carbonate*, 570; basic, 570 
dioxide, 575 

Le Blanc process, 452, 455, 458 
Le Chatelier, principle of, 248, 249 
Lecithin, 397 
Levulose (fructose), 370 
Lewis-Langmuir, theory of atomic 
structure, 201 
Lime, 409; slaked, 409 
Limekiln, 409 
Limestone, 334, 407-409 
Limewater, 474; as a test for carbon 
dioxide, 340 
Linen, 373 
Lipase, 398 
Lipoids, 397 

Liquefaction; of air, 01; of chlorine, 

212 

Liquids, molecular condition of, 31 
Liter, 39 


Litharge, 574 
Lithium, 581 
Lithopone, 559 
Litmus, 80, 247 

Lye (caustic soda or caustic potash), 
50; use in soap-making, 300; 
other uses, 453, 454 

Magma, rock, 410 
Magnalium, 404 

Magnesia, 401; “85 ]w;r cent,” 405 
Magnesite, 403 

Magnesium, 403-407; alloys of, 464; 
analytical tests for, 400; me¬ 
tallic, preparation of, 463; 
oxide and hydroxide of, 404; 
sails;*hydrolysis of, 405; salts, 
in water, 408 

ammonium phosphate, 407 
oxide, 404 
pyrophosphate, 407 
Mait, 301 
Maltose, 390 
Maltose, 372, 390 
Manganates, 525 

Manganese, 521-527; compounds of, 
525, 520; metallic, prepara¬ 
tion of, 524; occurrence, 524; 
in steel, 513; tests for, 520, 
527; uses, 524, 525; valences, 
525 

dioxide, 525; use as a catalyzer in 
preparation of oxygen, 50; 
use as a depolarizer in dry 
cells, 444 

Manganin, 524, 532 
Manipulation, standard, 51, 52 
Mantles, incandescent, 588 
Marble, 507 

Marsh gas (methane), 347 
lest, for arsenic, 329 
Mass action, law of, 242 
Matches, 320 
Materials, 5 
Matte, copper, 530 
Medicine, services of chemistry in, 
378-380 

Melting point., 90, 371, 628 
Mercuric amidochloride, 564 
fulminate, 502 
iodide, 502 

oxide, decomposition by heat, 56,00 
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Mercury, 561-564; chemical charac¬ 
teristics, 5(54; compounds 
of, 5(52; occurrence, 5(51; poi¬ 
soning by, 5011; precautions in 
use, 5ii’i; preparation of me¬ 
tallic, 5(51; purification of, 
5152; salts of, 5(5)5; salts of, 
reduction by stannous chlo¬ 
ride, 5.51 

Metallurgy, 427; principal operations 
of, 427; (see also under 
names of the. individual met¬ 
als). 

Metals, 01; action on acids, 7(5; 
action on salts of other metals, 
122, 438; acti< i on water, 71, 
72, 75; comparison of prop¬ 
erties, 425; distinguishing 
properties of, 423, 424; heavy 
metals, 425; oceurrence, 420; 
and periodic table, 425; va¬ 
lence of, 137 

Metaphosphorie acid, 01, 327 
Metastamiic acid, 570 
Methane, 347 
Methanol, HI 
Methyl orange, 295 
red, 295 

Metric units, 39, 020 
Mica, 414 
Milk sugar, 390 
Milligram, 39 
Milliliter, 39 

Milligram-equivalent, 171, 475 
Millimicron, 99 
Minerals, 411, 412 
Minium, 575 

Miscibility, complete and partial, 97 
Mixed metal, 585 
Mixl ares, 7, 13, 90 
Moissan, 227 

Molal (molar) solutions, 172 
Mole, definition, 47 
Moles, how calculated from weights 
and volumes, 103 

Molecular theory, 8; applied to 
gases, 25-27; applied to liq¬ 
uids, 31; applied to solids, 33; 
statistics of, 35, 3(5; use in ex¬ 
plaining the effect on increased 
concentration in increasing the 
velocity of reactions, 241 


Molecular weights, 47; from boiling 
points, 171); from freezing 
points, 179; from vapor den¬ 
sities, 177 

Molecules, 7, 8; distance of free 
flight, 29; number in 1 cr. of 
air, 35; speed of, 28 
Molybdenite, 589 

Molybdenum, 589; in steels, 514$ 
uses, 590 
Monazite, 5(55 
Monel metal, 531 
Monoses, 369 
Mordants, 125, 378 
Mortar, 470 
Motor fuel, 423 

Multiple proportions, law of, 93 
Muriatic acid, 204 
Mustard gas, 218 


Naming chemical substances, system 
of, 1 12-145, (521 
Naphthalene, 35(5 

Naphtha, 35(5; use as a paint thinner, 
558 


Nascent hydrogen, 319 
Natural gas, 31(5, 350 
Nelson cell, for preparation of elec¬ 
trolytic chlorine, 211 
Neon, 580 

Neutralization, 123, 1(50; and hydrol¬ 
ysis, 12(5; ionic interpretation 
of, 290, 291 

Nickel, 530, 533; alloys, 531, 532; 
properties and uses, 530; in 
steel, 513; tests for, 533 
Niekeleno (“nickel silver”), 532 
Niobium (Columbium), 588 
Niton, 580 

Nitrates, 315; lest for, 319, 320; 
uses, 320 

Nitric acid, 315; chemical properties, 
317; physical properties, 317; 
preparation from ammonia, 
315; preparation from atmos¬ 
phere, 316; reduction by hy¬ 
drogen sulfide, 257; stages in 
the reduction of, 318, 319; 
summary o! reactions, 322 
Nitric oxide, 313, 314, 316 
Nitrifying bacteria, 321, 322 
Nitrites, 315; test for, 319, 320 
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Nitrocellulose, 375 
Nitrogen, 302-322; cycle of, in na¬ 
ture, 322; elementary, prep¬ 
aration of, 304; elementary, 
uses of, 304; fixation of, 321; 
importance, of, 302; in air, 
determination of, 255; in air, 
percentage; of, 255; oxides of, 
313, 314 

fixing bacteria, 321 
peroxide, 314, 316 
letroxide, 314 
Nitroglycerine', 364 
Nitrosyl-sulfurie acid, 266 
Nitrous acid, 315; salts of (nitrites), 
315, 321 
oxide, 313 

Non-electrolytes, 277 K 
Non-metals, 64 

Normal salts, 121; degree of hydroly¬ 
sis, when dissolved in water, 
127 

solutions, 172, 173; problems in¬ 
volving, 173, 174 
Nucleus of atoms, 200 
Nutritive ratio, 405 


Octet theory of atomic structure, 201, 
202 

Oil, linseed, use in paints, 55K 
Oils: animal and vegetable, 364; 
drying and non-drving, 365; 
essential, 357; mineral, 340 
Open-hearth process for making steel, 
507, 509 
Ores, 427 
Organic acids, 363 

Organic chemistry, 334; relation of, 
to national welfare, 381 
Orthostannic acid, 570 
Osmium, 595, 596 
Osmosis, 104 
Osmotic pressure,. 104 
Ounce-molecule, 170 
Oxidation and reduction, 62, 149-151; 
balancing equations involving, 
155; definition in terms of 
valence change, 149, 150; 

definition in terms of electrons, 
150; electrochemical, 442 
Oxides, 63 


Oxidizing agents, 81, 151, 152; halo¬ 
gens as, 151, 229; chromates 
and dichromates as, 152, 521; 
concentrated sulfuric acid as, 
151, 268; nitric acid as, 317; 
ozone as, 66, 151; perman¬ 
ganates as, 152, 526 
Oxvacetylene blowpipe, 65 
Oxygen, 55 -67; eommereial prepara* 
tion, 61; diseovery, 55; labo- 
rat (>rv pre; >arati<>n, 56 - 58; 
percentage in air, 303, 304; 
occurrence, 55; proof that for¬ 
mula of gaseous oxygen is 0 2 , 
183; summary of reactions, 67; 
uses, 65 

OxyhydrogcVi blowpipe, 65 
Ozone, 06, 67 

Paints, 365; for protecting iron and 
steel, 516; ingredients of, 558 
Palau, 596 

Palladium-platinum group, 595, 596 
Paper, 375, 376; sizing of, 370 
Paraffin, 349 

series of hydrocarbons, 346, 347; 
general formula, 348; struc¬ 
tural formulas of, 347 
Paris green, 340, 544 
Parker process, for rust,-proofing iron, 
516 

Parkes process, for recovering silver 
from lead, 547 
Passive state of iron, 516 
Peetization, 392 
Pentane, 347 
Pepsin, 399 
Peptization, 392 
Perchlorates, 233, 234 
Perchloric acid, 234 
Perchromic acid, 524 
Perfumes, synthetic, 381 
Period of radioactive elements, 594 
Periodic law, 199; statement of, 199; 
practical applications, 194, 196 
table, 189-197 
Permanganates, 526 
Permanganic acid, 527 
Permutite, 476 

Petroleum, 348; purification and disr- 
tillation of, 349 
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Phase, 386 (footnote); disperse (in¬ 
ner), 386; outer, 386 
pll-value, 398 
Phenol, 355, 356 
Phenolphthalein, 295 
Phosgene, 218, 343 
Phosphate rock, 324; use in making 
superphosphate, 327 
Phosphates, 324 
Phosphine, 326 
Phosplionium salts, 326 
Phosphoric acids, 327 
Phosphorous acid, 143 
Phosphorus, 321, 328; allot ropic 

forms, 325; elementary, prep¬ 
aration of, 325; minerals of, 
324; need of body for, 404; 
occurrence, 324; physical 
properties, 325; test for, 328 
pentachloride, 213 
trichloride, 213 
Photographic; films, 375 
Photosynthesis, 335• 

Physical changes, 6 
Physical state's, 20 

Physics, distinguished from chemis¬ 
try, 19 
Pig iron, 483 
Pigments, 558 
Plaster-of-Paris, 468 
Platinum, 596, 597; care of appa¬ 
ratus, 597,598; occurrence, 596 
black, 597 

group of metals, 595; comparison 
of members of, 596 
Plum I talcs, 575 
Plumbites, 575 
Poisoning, mercury, 563 
Polar solvents, 277 
Polymers, 356 
Poly merination, 356 
Porcelain, 490, 497 
Portland cement, 477 
Potash, sources of, 457 
Potassium, 457-459; insoluble salts 
of, 459; occurrence, 457 
carbonate, 458 

cyanide, 344; action on compounds 
of copper, 542 
di chromate, 521, 522 
ferricyanide, 517 

fcrrocyanide, 344; use as a test, 


for copper, 543; as a test for 
ferric iron, 517; as a test for 
zinc, 500 

Potassium, fluoride, 227 
perchlorate, 459 

permanganate, 526; reduction by 
hydrogen sulfide, 257 
sulfoeyanate, as test for ferric iron, 
517 

Potential, equilibrium, 438, 622 
Pottery, 494 
Powder, smokeless, 375 
Precipitate, definition of, 74 
Precipitation, 74; general theory of, 
435; how to make- as com¬ 
plete, as possible, 289; ionic 
formulation of, 288; of sus- 
pcnsoiitn by each other, 393 
Pressure, effect, of on equilibrium, 
248; standard, 162 
Priestley, 55 

Principle: of Avogadro, 26; of Dal¬ 
ton, 42 

Problems, methods for solving numer¬ 
ical, based on chemical equa¬ 
tions, 164,167, 170; causes of 
trouble with, 166; involving 
ratios of weights, 167; in¬ 
volving density, 168; involv¬ 
ing volumes of gases, 165; 
involving both weights and 
volumes, 164, 169,170; involv¬ 
ing units of English system, 
170 

Procaine, 380 

Producer gas, 342, 343; use in open- 
hearth furnaces, 507 
Propane, 347 

Properties: physical and chemical, 
5; complementary, 148 
Proteins, 398, 399; in nutrition, 405; 
requirements of body for, 402, 
403 

Protons, 200 
Prussian blue, 537 
Ptyalin, 396 
Puddling furnace, 504 
Pumice, 411 

Purification of substances, 11 
Pyritc, 252, 265 
Pyrophosphoric acid, 327 
Pyroxylin, 374 . 
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Quadrivalent, elements, 1.17 
Quartz, 412; gold-bearing, 552 
Quantitative reactions, 225 
Quicklime, 86, 469, 470 
Quicksilver (mercury), 561-564 

Radical, 76; amino, 399; carboxyl, 
363; hydrocarbon, 359 
Radioactivity, 582; of radium, 582; 
of thorium, 587; of uranium, 
591; of other elements, 593; 
laws governing, 582, 583, 594 
Radium, 582, 584; sources and uses 
of, 583, 584; derived from 
uranium, 593 
emanation, 580, 593 
Radon, 580,'593 
Rare earths, 585 » 

Rayon, 374 

Rays, alpha, 585, 593; beta, 593; 
cathode (electrons'), 167; 
gamma, 593; X-, 167 
Reactions, 9; conditions for com¬ 
plete, 73, 74, 157; definition of 
complete, 73; factors deter¬ 
mining velocity of, 239; lee- 
tun; experiment on velocity 
of, 240; instantaneous, 273; 
quantitative;, 225; reversible, 
73, 243; secondary, 224; slow, 
247; types of, 155 
Reagents, common, 49 
Reciprocal proportions, law of, 66, 68 
Recrystallization, 102 
Reducing agent, 81, 153, 154 

agents: ammonia (at high temper¬ 
atures), 310; chromous salts, 
522; ferrous salts, 516; hy¬ 
drogen, 81; hydrogen sulfide, 
257; sulfur dioxide, 262; stan¬ 
nous salts and stannites, 570 
Reduction, 62,149-151; a decrease in 
valence, 149, 150; a gain of 
electrons, 150; electrochem¬ 
ical, 442 
Refining, 428 

Regenerative system, of open-hearth 
furnace, 508 

Related composition, law of, 93 
Replacement (anc Displacement) 
Research, scientific, 22 
Retting linen fiber, 374 


Reversible reactions, 73; examples of, 
242, 243, 245-249, 256, 264, 
266, 278 502, 503, 

Rhodium, 595, 596 

Rinnmann’s green, 560 

Roasting, 427; of copper ores, 536; 

of lead ores, 572 
Rochelle salts, 370 
Rocks, 410, 411 
Rubber, 356, 357 
Rubidium, 581 
Ruby, 484 

Rusting of iron and steel, 514, 515; 

protection against, 515, 516 
Ruthenium, 595, 596 
Rutile, 586 

Salt, common, 205 
Saltpeter, Chile, 303 
Salts, 76, 119; acid, 120; basic, 120; 
complex, 542; double, 457; 
formulas, 133; hydrolysis of, 
98; in industry, 129, 130; 
methods for preparing, 122- 
124; normal, 121; reaction of 
normal, toward indicators, 
127; relative ionization of, 234; 
solubility of, 421; system of 
naming, 70, 142-145 
Saturated compounds, 346 
solutions, 100 
Scale, boiler, 86, 468 
Scandium, 585 

Scavengers in steel-making, 506 
Seheelite, 590 
Selenium, 589 
oxychloride, 589 
Sherardizing, 557 
Shale, 492 
Shot, 574 

Silica, 412; fused, 413; hydrated, 413 
Silicate minerals, 412; melting points 
of, 415 

Silicon, 409-420; compared with 
carbon, 409; elementary, 419; 
in steel, 513 

Silk, imitation (“artificial”) (see 
Rayon) 

Silver, 546- 511; analytical tests for, 
551; chemical properties, 549; 
complex ions, 549; “German,” 
532; metallurgy of, 546, 547; 
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occurrence, 546; physical 
properties and uses, 548; plat¬ 
ing with, 549; soluble salts of, 
552 

Silver bromide (and iodide), use in 
photography, 390, 530, 551 
fulminate, 550 
Silvering glass, 550 
Sirup, glucose, 372 
Slag, 428 
Slate, 492 
Smalt, 529 
Smelting, 427 
Smokeless powder, 375 
Soap, 366; destruction of by hard, 
water, 474; why 'oap cleanses, 
367 

Soapstone, 414 

Soda, baking, 456; washing, 456 
(soda ash), 456, 475 
Sodium, 449-457; action on water, 
71; sails of, 457 
argenticyanide, 547, 549 
■ acid sulfate, 114, 205, 206 
bismuthate, 526 (footnote) 
carbonate, occurrence and prep¬ 
aration, 454; uses, 456 
chloride; crystal structure of, 35; 
electrolysis, 210, 211; elec¬ 
trolytic dissociation, 274; oc¬ 
currence, 205 
cyanide, 547, 549, 555 
hydrogen sulfate (sodium acid sul¬ 
fate), 114, 205, 206 
hydroxide, 50, 452-454; uses, 453 
nitrate, 303, 320 

peroxide, 451; preparation of oxy¬ 
gen from, 58 
sulfate, 206 

thiosultate, 263; use in photog¬ 
raphy, 551 
Solder, 568 
Solid solutions, 97 

Solids, molecular condition of, 33-35 
Sols, 387 

Solubility; chart of, 101; general 
rules concerning, 121, 429; 
table of, facing back cover ; 
effect of temperature on, 100 
curves, 100; breaks in, 101 
product, 432-434 
Solute, 96 


Solutions, 13, 96; boiling point of, 
103; colloidal, 98, 99, 387-393; 
definition, 96; freezing-point 
of, 103; gaseous, 97; importance 
of, 97; liquid, 97; saturated, 
100; solid, 97; supersaturated, 
100; true, 96, 98; unsaturated, 
100 

Solvated colloidal particles, 388 
Solvay process, 454 
Solvent, definition, 96 
Solvents, ionizing (polar), 277 
Specific gravity, 163 (footnote); of 
gases, in comparison with air, 
177 

Spectroscope, 460 

Speed: of molecules, 128; of reactions, 
239 250 
Spelter, 557 
Sphalerite, 555 
Spiegeleisen, 506, 508, 524 
Standard conditions for gases, 162 
Standard molar volume, 162 
Stannic acid, 570 
compounds, 569 
oxide, 567, 570 
Stannites, 569 
Stannous compounds, 569 
Starch: color with iodine, 216: con¬ 
version into dextrin, 372; hy¬ 
drolysis by diastase; or acids, 
361, 396; preparation of solu¬ 
tions of, 372; sources of, 372 
Stassfurt salts, 457 
Stearic acid, 365 
Stearin (tristearin), 365 
Steel, 505-516; alloy-, 513; anneal¬ 
ing, 511; Bessemer, 506; cru¬ 
cible, 505; electric, 509, 510; 
high-carbon, 505; mild, 505; 
open-hearth, 507-501; rust¬ 
ing of, 514-516; simple, 512; 
special, 513; tempering, 511; 
tool, 513, 514 
Stellite, 529 
Stoneware, 595 
Storage cell, 575, 576 
Strontium, 481 

Structural formulas, 138; of hydro¬ 
carbons, 347 

Structure of atoms, 200, 201 
Sublimation, 227;. of iodine, 227; 
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of halides and sulfides of mer¬ 
cury, 504 

Substances, 10; purification of, 11; 

elementary and compound, 12 
Sucrose, 369 

Sugar, 369; beet,, cane, 369; grape 
(glucose), 312; invert, 370; of 
lead, 577; manufaeiure of, 
371; milk, 396; reducing, 370; 
sources of, 370 

Sulfides, insoluble, precipitation by 
hydrogen sulfide, 258 
Sulfites, 262; action of acids on, 261 
Sulfur, 204-222; allot,ropic forms of, 
253; direct union with hydro¬ 
gen, 255; native, 252; native, 
origin of deposits of, 25!); 
occurrence of, 252; oxides of, 
261-263; uses of compounds 
of, 268; uses of elementary, 
254 

dioxide: chemical properties, 262; 
oxidation to sulfuric acid, 263- 
265; physical properties, 261; 
preparation, 261; uses, 262, 
268, 209, 327 
monochloridc, 213 
trioxide, 263; equilibrium of, with 
sulfur dioxide, 264; formation 
of sulfuric acid from, 265 
Sulfuric acid, 264-269; acid proper¬ 
ties of, 267; anhydride of, 
264; contact process for manu¬ 
facture of, 264; dehydrating 
properties of, 268; lead cham¬ 
ber process for manufacture of, 
265; oxidizing properties, 268; 
physical properties, 267; re¬ 
duction by hydrogen sulfide;, 
257; uses of, 268, 269 
anhydride (sulfur trioxide), 264 
Sulfurous acid, 262 

anhydride (sulfur dioxide), 261, 262 
Su mmar ies: ammonia, industrial 

chemistry of, 311; atomic and 
molecular theories, 186; cel¬ 
lulose industries, 373; chlorine, 
218; cycle of carbon in nature, 
334; cycle of nitrogen in na¬ 
ture, 322; coal-tar products, 
356; derivation of atomic 
weights and chemical formu¬ 


las, 186; halogens, reactions of, 
237; hydrogen, 82; ionic the¬ 
ory, 284, 285, 299; nitrogen 
and its compounds, reactions 
of, 322; oxygen, 67; phos¬ 
phorus and arsenic, 332; prep¬ 
aration and properties of acids 
and bases, 117, 269; reaction 
velocity and chemical equilib¬ 
rium, 250; sulfur and its com¬ 
pounds, 268; uses of com¬ 
pounds of load, 574; uses of 
compounds of zinc, 560 
Supercooling, 89 
Superphosphate, 327 
Surface tension, 32 
Suspensions,’BSG 

Suspcnsoids, 388; mutual precipita¬ 
tion of, 393 
Symbols, 44 

Synthesis, 92; of wat er, 93 


Table, periodic, 190, 195 

of solubilities, fadrig back cover 
Tailings, 552 
Talc, 414 
Tantalum, 588 
Tantiron, 419 
Tear gas, 218 

Tellurium, 589; association with 
gold, 552 

Temperature, 23; absolute, 23; cen- 
trigrade, 23; conversion from 
one scale into another, 24; 
critical, 91; effect of, on equi¬ 
librium, 246; effect of, on 
speed of reaction, 239; Fahr¬ 
enheit, 23; room, 23; scales 
of, 23, 628 

Tempering steel, 511 
Textile fibers, 373 
Thallium, 585 
Theories, scientific, 21 
Theory, atomic, 14, 15, 42-44; ionic, 
275, 284; molecular, 8, 25-37 
Thermite process, 487 
Thermochemical equations, 246, 354 
Thiosulfates, 263 
Thorium, 586, 587 
Thymol blue, 295 
Thyroxin, 236 
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Tin, 567, 571; allotropic forms, 569; 
alloys, 568; analytical tests 
for, 571; block, 568; metal¬ 
lurgy, 5G7, 568; occurrence, 
567 

Titanium, 586 
Titration, 128 

T.N.T (trinitrotoluene), 320 
Toluene, 355 
Trinitrotoluene, 320 
Trislearin, 365 
Trivalent elements, 137 
Tungsten, 590; in steel, 513, 514 
Turpentine, 213, 357; use in-paints, 
558 

Tuyeres, 501 

Tyndall test for colloidal particles, 93 
Type metal, 573, 574 

Ultramarine, 269 
Ultramicroscope, 99 
Unsaturaled, glycerides, 365; hy¬ 
drocarbons, 346 

Units, metric, 39; thermal and elec¬ 
trical, 620 

Univalent elements, 137 
Uranium, 590, 591; as a source of 
radium. 591, 533 
Uranous salts, 591 
Uranyl salts, 591 
Urea, 343 

Valence, 134-138; and electrons, 114; 
change of, in oxidation and 
reduction, 150; determined by 
comparing formulas, 133; how 
indicated, 138; of elements 
within radicals, 135; of metals, 
137, polar and non-polar, 142; 
positive and negative, 134; 
rule of, 135; use of change in, 
when balancing equations, 155 
Vanadium, 588; in steel, 513 
Van’t Hoff’s principle, 246 
Vapor density, 176, 177; determina¬ 
tion of molecular weights 
from, 176 

pressure, 32; correction for, 188, 
613 

Varnish, 366 
Vaseline, 349 
Vehicle, paint, 558 


Velocity of reactions, 239-250 
Vermilion, 562 
Victor Meyer, 176 
Vinegar, 364 
Vitamins, 405, 408 
Volume of a gas: effect of pressure on, 
24; effect of temperature on, 
25 

Volumes of gases, problems involving, 
165, 175, 188 

Vulcanization of rubber, 357 

Water, 84—93; calcium and magne¬ 
sium salts in, 468; chemical 
properties of, 92; composi¬ 
tion of, by volume, 71; com¬ 
position. of, by weight, 93; 
decomposition of, by metals, 
71, 75; density, 89; domestic 
use of, 86; hard, impurities in, 
85, 473; ionization of, 290; 
occurrence, 84; of crystalliza¬ 
tion, 84; of hydration, 84; 
softening, arithmetic of, 475; 
softening of, by permutite 
process, 476; softening of, by 
precipitation, 473; vapor 1 pres¬ 
sure of, 32, 90, 613 
gas, 74 

Water-glass, 41G 

Water vapor, in atmosphere, 613 
Weights: atomic, 43, 181, 184; com¬ 
bining, 184; relative, of react¬ 
ing substances, 47, 167 
Weizmann bacteria, 360 
Wedding, 65; with thermite, 487 
White lead, 576 
Wintergreen, oil of, 381 
Wolframite, 590 

Wood, destructive distillation of, 359, 
362, 363 

Wood pulp, use in paper manufac¬ 
ture, 376 
alcohol, 359 

X-rays, 197; use in studying crystal 
structure, 34 
X-ray tul>e, 197 
Xenon, 580 


Yeast, 361 
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Yield, 225 
Yttrium, 585 

Zinc, 555-569; alloys, 550; analyt¬ 
ical tests for, 500; chemical 
proper! ics, 559; character¬ 
istics of paints containing, 559; 
metallurgy of, 55, 5550; oc- 


uses of, 560; use in extracting 
silver from .lciid, 547 
Zinc, blende, 555 
chloride, 559 
dust,, 556 

oxide, production of, 557; uses of, 
558 


salts, uses of, 559 
Zirconium, 586, 587 






ANSWERS TO PROBLEMS IN BODY OF TEXT (PART I) 

Figures in bold-faced type refer to numbered sections. 

27. 0.2 cc.; 4 times as dense. 35. 1+2.09=1.91+1.18; 
2 g.; wt. A+wt. B=wt. C+wt. D. 38. 83. 42. 118; 

10 moles; 10 times as heavy; 5 times as heavy. 51. 4 moles 
sodium peroxide; 1 mole=32 g. oxygen. 70. 4 moles=72 g. 
water; 28 g. silicon; 130 g. zinc. 72. 3 cases of action liberating 
hydrogen, and 3 cases of other gases being liberated. 74. no 
change; contracts oflfe-half; contracts one-third; contracts one-, 
seventh; 15 molecules hydrogen, 10 molecules Ammonia; 2$ moles 
oxygen. 88 . 5 moles=90 g. water. 1 mole=153 g. CUSO 4 ; 
36% water. 103. ( 1 ) 36.45 g. HC1; 60 g. HC 2 H 3 O 2 ; 49 g. 
H 2 SO 4 ; 32.67 g. H 3 PO 4 . ( 2 ) 6 g. 105. ( 11 ) Acetic acid and 
hydrochloric acid. 108. (15) 2 moles=36 g. water, for 1 mole= 
58 g. magnesium hydroxide; or 0.62 g. for 1 g. 111 . (28) 
0.0329. (29) 0.23 g. 112. (31) 56 g.; 0.89 g. (34) 2 moles. 
( 35 ) NaHS0 4 . (36) 2 moles. 115. (46) 142 g. (47) 8 g. 139. 
(2) 17 g.; 22.4 1.; 0.76 g. (4) 3.17 g. 140. (5) 0.005. ( 6 ) 0.01. 
(7) 55.5. ( 8 ) 1.95. (10) 2200 cc. (11) 44.6 moles. (12) 0.005. 
(13) 1000; 44.6 moles. 141. (14) 16.6 g. 142. (15) 10, 30, 
5 cu. ft. (16) 5 cc. NH 3 . (17) increase, 20 cc. 145. (19) 
29.16 mg. (20) 729 g. (21) 0.342; 8.23%. 146. (22) 20%. 

(23) 1200 g.; 328 g. (24) 24.4%. (25) 1.46; 1.40. (26) 4.84 g. 
(28) 2.42 moles. (29) 2.42 moles; 88.1 g. HC1; 188 cc. (30) 
12.6 g.. (31) 670 cc. (32) 43.9 g. (33) 38.4 cc. 147. (34) 
36 mg. 149. (35) 0.2 N; 0.1 M. (36) 0.4 N. (37) 7.1 g. 
150. (38) 7.5 cc. (39) 500 cc. (40) KI; 0.5 mg.-eq.; 0.0005 mole. 
153. (1) 5.52 g./l. (2) 26. (3) 17.032; 0.76 g./l. 155. (4) 

Cl 2 . 166. (7) 44.6. 167. ( 8 ) -0.37°. 168. (9) Approx, 

at. wt.=85. 159. (11) 2900 cals. (12) Iron. 160. (13) 

NH 4 CI; N 2 H 8 Cl 2 - N 3 H 12 CI 3 . 162. (15) 55.83. 
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THE PERIODIC TABLE 









































































